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ABSTRACT

We address topographic effects in site response analysis. By splitting a generalized surface topography into
simple geometric elements we identify fundamental concepts that control the dynamic response. We show that in
the construction of a model for a particular topographic scenario the geometric details that must mandatory be
retained into the model depend upon the expected period range of interest in the response spectra. We refer to
this limited spectra as a topography conditioned response spectra. To fully test the newly introduced idea, we
conducted extensive parametric analysis of the previously identified fundamental elements and generate a proxy
to relate a lower bound of the target structural period to the maximum dimensionless frequency required in the
model. This dimensionless frequency indicates accurately what elements of the profile can be eliminated as these
are irrelevant for the spectral response. The proposed analysis technique is further explained using as case of
study the topographic scenario corresponding to the Aburréd Valley region in Medellin, Colombia. Our results
show that with relatively simple models we can predict accurately the spectral response up to the prescribed

target period.

1. Introduction

The determination of the local response at a site under the occur-
rence of an earthquake event is an important and crucial aspect of
seismic engineering that impacts microzonation studies, the generation
of input motions for analysis and design of earthquake resistant struc-
tures, and in general, the results of seismic risk assessment analysis.
Despite the fact that the local response is a function of several coupled
effects such as non-linear soil behavior, mechanical amplification by
soil stratification and presence of complex surface (and sub-surface)
topography [16,28], most of the seismic provisions throughout the
world incorporate methods based upon one-dimensional wave propa-
gation models that fully neglect geometrical effects. Previous theore-
tical works, as well as field observations, have shown that such sim-
plified techniques are insufficient in the prediction of surface ground
motions. Probably the most striking proofs of the inaccuracies in one-
dimensional wave propagation analysis methods are the (>1.0 g) re-
corded accelerations during the 1994 Northridge and the 1971 San
Fernando earthquakes [14,41]. This paper deals with topographic ef-
fects introduced by surface topography and specifically with the con-
nection between geometric features and the associated response
spectra.

Among the many factors controlling the ground response at a site,
the mechanical effect has been the most thoroughly studied:
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mechanical amplification is included in seismic codes in terms of site
coefficients computed on the basis of the shear wave propagation ve-
locity of the last 30 m of the deposit and used to modify an input re-
sponse spectra specified for a reference station [4,22]. Clearly, such a
simplistic approach implicitly considers vertical incidence of the wave
field and a one-dimensional propagation model in which the site is
assumed to be conformed by a horizontally-infinite stack of layers. One-
dimensional (1D) based methods have been further improved to ac-
count for well known nonlinear soil behavior through equivalent linear
algorithms where the inelastic soil properties are considered in terms of
modulus reduction and damping ratio curves [37,13,19,44]. Topo-
graphic effects in the engineering community have been addressed
mainly through 3 different approaches namely: (i) studies conducted in
terms of closed-form solutions for simplified geometries which are re-
levant as they shed light on the fundamental physical aspects of the
problem [40,42,43,46,18]; (ii) parametric analysis of simplified topo-
graphies performed using numerical simulations [5,16,8,30,31]; and
(iii) numerical determination of the response in particular scenarios
[15,27,32,38,39,26,6]. Although the numerical approach based on high
performance computing has gain popularity due to the proliferation of
robust numerical algorithms [12,45,24] and the increase in computing
power the application of large scale models is still limited as these
models require field data that is rarely available at the practicing level.

By contrast with the mechanical problem, and despite the fact that
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the effect of surface and sub-surface topography has been identified as
an important cause of damage concentration in many earthquakes
[30,71, there is a lack of unified approaches to explicitly include them
on site response analysis. This can be evidenced from the few seismic
provisions with implemented procedures aimed at addressing topo-
graphic aggravation [22,1,10]. As concluded from mostly theoretical
works, the main signature of the geometric effect on the response is the
spatial variability in the ground motions [2,36,34,35]. Interestingly,
although this implies a frequency dependence of the response, the few
available code-based approaches use constant amplification factors that
depend solely in local geometric parameters at the site. This work is
devoted to the analysis of topographic effects through simplified and
rationally built models intended to capture the incidence of surface
geometry on the response at a site. We address the question of whether
results based upon simplified models, built with limited field data, are
of any use for engineering purposes. Although as demonstrated by other
authors, the mechanical and geometric effects might become strongly
coupled [6], here we focus on the influence of surface topography on
the ground response. We follow an approach based on previous findings
from geometric theory of diffraction and parametric analysis. Our work
is aimed at identifying (i) the frequency range at which one should
expect modifications in the ground motions for a given surface topo-
graphy; (ii) what are the relevant geometric features from a given to-
pographic profile if one is interested in the response within a prescribed
frequency band and (iii) what is the effectiveness of simplified models
to capture topographic effects.

Here these fundamental problems are studied with a hierarchical
and rational analysis of a generalized topographic profile resulting after
one splits the problem into simpler ones. To that end we start from the
fact that a topographic profile can be represented through the combi-
nation of several adjacent concave and convex shapes of various char-
acteristic dimensions. These dimensions define the topographic re-
solution and thus the expected frequency content of the response. This
concept of topographic resolution is translated into a range of structural
periods in the response spectra at which ground motion variation due to
topographic effects should be expected. Since the characteristic di-
mension of the topographic relief is a conceptual physical parameter, it
is not possible to modify its value during the analysis stage. However,
one can use this idea to decide what geometrical features of the topo-
graphic relief are truly relevant for the prescribed range of target
structural periods. In this research we establish a physical connection
between surface topography and site effects in terms of response
spectra. This connection is then used in the analysis of two cross sec-
tions of the Aburr Valley Region (AVR) in Medellin, Colombia. For each
cross section we proposed 4 models with decreasing levels of com-
plexity generating response spectra with limited range of validity. The
region is a long-shaped sedimentary valley located in the northwestern
corner of South America and it accommodates the city of Medellin, the
second largest in Colombia, with an estimated population of 2.5 million
people. The valley constitutes an interesting scenario to study site ef-
fects as there has been an increase in urban developments along the
flanks of the mountainous system surrounding the city.

The current research will contribute to the understanding of topo-
graphic effects as it offers an alternative perspective involving the idea
of simplified models based upon a target period range. Such conceptual
development can also be used in a first order estimation of the expected
frequency content of ground motions generated at a particular scenario.
In the first part of the paper we focus on the response of a single wedge
as suggested in the superposition based diffraction (SBD) method
[21,17]. In order to obtain a systematic method of approximation to the
model, we also study the response of an equivalent wedge resulting
from a continuous curve tangent to the singular wedge. The smooth
wedge introduces as geometric parameter the distance between both
geometries: we refer to this parameter as the geometrical resolution d.
The study of independent fundamental wedges, and specifically, its
approximation by its smooth equivalents, is used in the next section to
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analyze two simplified topographies corresponding to trapezoidal
canyons and hills. Thus, each topography is represented in terms of a
singular and a smooth wedge. The canonical forms introduce a second
geometric parameter corresponding to the distance between adjacent
wedges Ly. An error estimate is then introduced as the normalized
difference between the amplitude of the transfer function for the sin-
gular and the smoothed wedge. These analysis allows us to obtain di-
mensionless frequency ranges for which the error estimate remains
below a prescribed value indicating that the response from the singular
and the smooth wedge approximation are equivalent. That result is
later used to derive a recipe for the geometric resolution as a function of
a target frequency. The main result from this section is a systematic
criteria to eliminate (or introduce into the model) topographic features
whose characteristic dimension varies within a band of size 2d. The
resulting band method is then applied to a realistic topography, cor-
responding to the AVR-region in Medellin, Colombia. The paper ends
with conclusions and a proposal for further work.

2. Effective response of a topographic profile

To develop our method of analysis we introduce the concept of
topographic element as the fundamental building block in terms of
which the analyst can build an arbitrary topographic profile. Following
the same approach in which one uses the maximum frequency of the
incident field to define the appropriate element size in a numerical si-
mulation of a wave propagation problem, here we use a target analysis
frequency to select the appropriate level of topographic resolution. We
postulate that in the calculation of ground motions the analyst pre-
scribes a desired target level of accuracy for the spectral response im-
plicitly prescribing the topographic elements that are required to reach
that accuracy. The target frequency is related to the range of structural
periods for which the site effects analysis is conducted in the first place.
As a consequence, the final model would include only that particular
topographic information that is required for that specific analysis re-
sulting in a simplified model. To study the impact in the response of the
different levels of simplification we use the level of topographic re-
solution (associated to the size of the topographic element). This con-
cept appears naturally following the contribution from Jaramillo et al.
[21] where it is recognized that the main controlling factor of the
spatial variation of the ground motion corresponds to geometric sin-
gularities existing in the topographic profile. Here we analyze models
with different resolution levels using an approach based on the response
of a simple semi-infinite wedge and leading to a systematic way of
approximating a given topography.

2.1. Topographic resolution

We formalize the concept of topographic resolution as the frequency
range of the wave field that can be effectively propagated by a physical
topographic scenario. This is done after properly identifying a topo-
graphic element of characteristic dimension h,,. Such element is de-
fined as the fundamental building block in terms of which it is possible
to construct (or represent) a surface irregularity of arbitrary shape. Its
characteristic dimension can be connected to the minimum wavelength
of the incident field A™" by the dimensionless frequency

n= .

@

Notice that Eq. (1) is analogous to the relation between the minimum
wavelength ™" | and the characteristic discretization size h,n,, existing
in a computational model intended for wave propagation analysis, in
which case the dimensionless frequency parameter

_ Ruum
- min

(2)

is indicative of the number of required elements per minimum
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Fig. 1. Schematic description of topography-dependent-
response-spectra (TRS). The figure represents a topo-
graphic scenario with geometric features of increasing
characteristic dimension. The top part corresponding to
the original unmodified profile includes 3 distinguishable
geometric features: (i) a tooth-like topographic undulation
of size ¢r at the bottom of the canyon; (ii) a half-sine hill of
amplitude &ys also embedded in the bottom surface and
(iii) the overall trapezoidal-shaped canyon of width .
The target structural period T sets the size h;,';,i” of the
minimum topographic element that must be retained in
each case in order to predict results accurate in the shaded
period range.

wavelength. In wave propagation analysis conducted with the finite
element method a commonly employed criteria corresponds to a = 0.1
(or 10 elements per wavelength) [11,20]. Note also that, although in
the current context of topographic effects 7 plays the same role as « in
Eq. (2), here the dimensionless frequency parameter prescribes the
number of wavelengths that fit into the topographic element, conse-
quently the value of 7 specifies the quality or topographic resolution of
the model. By contrast with the numerical problem, where one can
always refine the discretization and enhance the model capabilities, in
the topographic scenario h,,, is rather a physical parameter that cannot
be modified. However, as it will be shown later, once h,,, is identified in
a particular case, it can be used either to conduct first order estimates of
the expected frequency content of the ground motions, or to decide
what topographic features of the actual profile are effectively relevant
for an input excitation of a given frequency content. It is now evident
that in a realistic scenario the expected characteristics of the ground
motions are a function of the topographic resolution prevailing in the
surface geometry.

2.2. Topography-limited-response-spectra

The characterization of the topographic elements existing in a par-
ticular scenario, and specifically the concept of topographic resolution,
can be used as an objective tool to identify the geometric features in a
surface profile that are relevant if one is interested in predicting the
response up to a target period. Thus, if one constructs a simplified
model of the topographic profile where all the irrelevant geometric
features are removed, introducing a limited resolution, then the re-
sulting response spectra is accurate up to this target period: we refer to
this specific response spectra as a topography-limited-response-spectra
(TRS). To establish a connection between the target period and the
relevant topographic elements we rewrite Eq. (1) as:

min
htop

3
and in which h[’;’;" specifies that all topographic irregularities of char-

acteristic dimension ¢ < h,;" are unnecessary if the analysis is intended
to predict a TRS with accurate results up to " = 3/1", where § is the
shear wave propagation velocity. Although the resulting simplified
model may or may not lead to considerable computational savings, its
most appealing aspect lies in the physical connection existing between
the topographic features and the response spectra. To fix ideas, the
concept of prescribed topographic resolution and its connection to a
target structural period is illustrated in Fig. 1 where we schematize a

=7 Atar

surface profile with topographic irregularities of characteristic dimen-
sions of various sizes together with its resulting TRS. In each case the
shaded area in the response spectra represents the range of accurate
results according to the given topographic resolution. The top scheme
represents the original topographic scenario with a complete response
spectra. Note that the original profile contains 3 different length scales
corresponding to: (i) the width of the trapezoidal canyon ¢c; (ii) the
amplitude g5 of the half-sine topographic feature and (iii) the smaller
tooth-like undulation ¢y at the bottom of the canyon. Note also that
€c > €ys > ¢r. The bottom part of the figure describes two possible
simplified models. The model on the left is the result of removing the
smaller tooth-like feature at the bottom of the canyon yielding a re-
sponse spectra valid for periods larger than T;*". Similarly, the model in
the right results after removing the gentle half-sine hill at the bottom
leaving only the symmetric trapezoidal canyon and a response spectra
valid for periods larger than T7%. As suggested by this schematic de-
scription, the topographic resolution in a model of a surface profile can
be decreased after removing elements at the expense of loosing high
frequency content in the resulting response spectra. In the following
section we define the topographic element and identify its character-
istic dimension in such a way that we can proceed systematically in the
identification of the expected frequency content associated to a given
profile or, alternatively, in the modification of the profile to match a
TRS as defined by a target period.

2.3. Fundamental topographic element

The infinite wedge has long been recognized as the fundamental
building element present in complex topographic profiles. In the con-
text of wave propagation analysis for seismic ground motions, pio-
neering work on the dynamic response of infinite (and finite) wedges
can be found in contributions from Sanchez-Sesma [34,35]. More re-
cently, the wedge as fundamental block was used by Mohammadi [29]
and Asimaki and Mohammadi [6] in a parametric analysis of geometric
and stratigraphic effects. These and other related works have identified
the wedge as the fundamental topographic element or basic shape for
the construction of very general topographic profiles. A seminal and
landmark contribution to the subject was given by Keller [23] who
provided the solution for the diffracted field resulting from the inter-
action between an incident wave and the corner singularity at the tip of
the wedge in the context of electromagnetic waves. That work was
elegantly cast into a geometric method, commonly known as geometric
theory of diffraction (GTD), where the complete solution is built by the
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Fig. 2. Building block to be used in the approximate representation of topo-
graphical features of general shape. Each element is defined by the enclosing
wedge with source of diffraction at D; its continuous curve C with contact points
P, and P,; and by the slope angle «. The actual surface may resemble the sin-
gular wedge (blue line) or the continuous tangent curve (magenta line). The
separation distance d, which controls the differences in the response in each
wedge, is a wavelength dependent function. However, up to a certain value of
this resolution parameter both solutions are deemed equivalent implying that
topographic features of dimension smaller than d are irrelevant for the required
model.

superposition of incident, reflected and diffracted rays.

In a recent work Jaramillo et al. [21] and later Gomez et al. [17],
used Keller's GTD theory to formulate a superposition method to build
the solution for a surface profile subjected to incident SH waves. In that
approach the topographic profile is represented by the superposition of
several interconnected wedges while the total solution is found after
adding fields produced by incident, reflected and diffracted rays. The
diffracted rays result from the interaction of the wave field with the
corner singularities from each wedge. The consideration of two or more
adjacent wedges introduces interactions between contiguous topo-
graphic features corresponding to additional reflected and diffracted
rays of the primary field generated by a single tip. In the final ar-
rangement the interaction between topographic features is identified in
the diffracted waves trapped within two singularities therefore be-
coming a function of the distance between wedges. Since, as shown by
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Keller [23] and Kouyoumjian and Pathak [25], the diffracted part of the
solution decays with frequency the relevant parameter controlling this
interaction ends up being the distance between wedges. In what follows
we formalize the definition of this topographic element and propose an
intrinsic characteristic dimension that can be used in Eq. (3) connecting
the topographic element size to the target frequency from the response
spectra. Two semi-infinite wedges, or in what follows topographic
elements, describing a convex and a concave geometry are shown in
Fig. ((2). Each element has as its defining geometric attributes the slope
angle o and a corner singularity D: the singularity is a highly relevant
component of the wedge since it is a source of diffracted waves in re-
sponse to an incident wave. The infinite wedge does not have an in-
trinsic characteristic size as required by h,’;g” in Eq. (3), however a
characteristic dimension can be assigned if one leaves open the possi-
bility to represent a topographic feature either by a singular or by a
smooth surface. This idea is described in Fig. 2 in terms of a curve C,
tangent to the wedge along points P; and P,, and related to the singular
wedge by the distance parameter d. According to Keller's GTD theory
the smooth surface representation does not fully eliminate the dif-
fracted field but instead, up to a given frequency range, the smooth
surface is still perceived as a singular wedge. Since a given wedge ad-
mits an infinite set of tangent curves, for the dual smooth-singular
wedge representation to remain valid, we must establish an equivalence
criteria. In this work we will assume that the dual representation is
valid for wedges whose distance parameter d is such that the dynamic
response from both models yields results which are equal up to a pre-
scribed normalized threshold. With diffraction being a wavelength de-
pendent phenomena it turns out that for a given wedge the value of d is
not unique but will depend on the frequency content of the incident
field. Therefore this relationship can be written in terms of the target
frequency introduced in (3) as

0.20

0.15 —

w 0.10 -

0.05 ~—JENNN EEEE EEEN SN SN PAEN SN BN SN S S S S

0.00 : ! | |
0.00 0.02 0.04 0.06 0.08 0.10
n
5.0
== = Singular wedge
4.0 Smooth wedge Mmaz =0.035
— 3.0 4 ~=~ R
E \\ //’\\\ 7/
— 2.0 4 \ 4 \ Vi
\ / N/
1.0 - \ Pl N/
0.0 " | |
—2.0 -1.0 0.0 1.0 2.0

Fig. 3. The top part of the figure shows the variation of the error measure 6 vs dimensionless frequency 7 in a concave and convex wedge under incident SH waves for
a constant value of the slope angle a = 30°. The dashed horizontal line intercepting the plot at 7),,,, corresponds to the limit value of & = 0.05. The analysis was
conducted with a boundary element method algorithm using 10 constant elements per wavelength with a shear wave propagation velocity f = 1.0 Km/s and mass
density p = 1.0. The bottom part of the figure shows the spatial distribution of the amplitude function (TF) for the horizontal component of the displacement field
from — 2a to 2a along the free surface of wedges (see Fig. 2). The TF is shown at a value of the dimensionless frequency corresponding to = 0.045 in a convex wedge

and 7 = 0.035 in the concave shape.
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Fig. 4. Topographic irregularity conformed by two hills and a canyon resulting
from the superposition of fundamental building blocks as those shown in Fig. 2.
In this description the actual surface may resemble the singular wedge (blue
line) or the continuous tangent curve (magenta line).
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and where we recognize the equivalence between htf,'g" and d.

From the point of view of the wave propagation response, it follows
that if we simultaneously represent a topographic profile with singular
wedges D, or with tangent curves C, and the differences in the response
are negligible, then all the topographic irregularities of dimension
smaller than d are irrelevant to capture the response to the actual in-
cident field. Therefore d is the characteristic dimension of the topo-
graphic element defined in Eq. (3) and setting the required level of
topographic resolution.

3. Parametric analysis of topographic configurations
3.1. Error measure

Having recognized the distance parameter d (see Fig. 2) as the
characteristic dimension of the fundamental topographic element on
the basis of equivalent responses in the dual smooth-singular wedge
approximation, it becomes evident that we require an objective mea-
sure to qualify and quantify the difference between both responses. As
emphasized by 7 in Eq. (4) this is a frequency dependent problem. In
this work we adopt as an appropriate error measure the differences in
the frequency domain response obtained with each approximation. A
quantitative assessment of these differences is defined in terms of the
spatial distribution of the frequency domain amplitude function along
the free surface of the singular and smooth wedge representation for a
range of frequencies. Letting TF, be the amplitude of the transfer
function at point i obtained from the singular wedge approximation;
TF,= the amplitude of the transfer function at point i obtained from the
smooth wedge approximation; and n= the number of observation points

WM&
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located from — 2a to + 2a along the free surface of the wedges (see
Fig. 2), the error measure is defined as
TE, —

LB
\nS U TR )T ®)

Using this error definition we now conduct several progressive para-
metric analysis intended to capture the admissible values of 7 for pre-
scribed values of d and A in (4). Our study initially considers the
simplest case of single, isolated convex and concave topographic ele-
ments and then increases complexity by extending the analysis to ca-
nonical shapes corresponding to trapezoidal-shaped canyons and hills.

In the first analysis, intended to capture the variation of the error
parameter with dimensionless frequency, we considered convex and
concave wedges under incident SH and SV waves for values of the slope
angle a in the range [15°, 40°]. The analysis was conducted using an in-
house implementation of the direct boundary element method [9]
previously validated by [17]. A typical set of results, describing the & vs
7 variation is shown in Fig. 3, while the complete set of responses is
presented in the Appendix. We arbitrarily adopted the value of § = 0.05
as an acceptable limit for the error parameter. This is indicated in Fig. 3
by the dashed horizontal line intercepting the plot at the dimensionless
frequencyn,,,.. That frequency corresponds to the maximum value of
the n parameter in Eq. (4) for which both models predict equivalent
results. Note that for those cases reported in the figure these values of
Ny are 7 = 0.045 and 7 = 0.035 for a convex and a concave wedge
respectively. The figure also shows the spatial distribution along the
free surface of the amplitude function obtained with the singular and
tangent curve representation of the wedge at the identified values of

nmax *
3.2. Topographic interaction

The more realistic case of several adjacent elements (Fig. 4) brings
into the problem the consideration of topographic interaction. We de-
fine topographic interaction as the perturbation introduced to the field
produced by a topographic element A by the presence of a secondary
element B. Since diffraction is frequency dependent and its amplitude
decays with distance, it is intuitive to expect that this interaction is a
function of the separation distance between topographic singularities.
In the profile described in Fig. 4 this relevant and controlling parameter
is the distance between points P1 and P2 in adjacent wedges and termed
in this works as Ly .

The influence of Ly on the spatial variability of the response has
already been identified by Jaramillo et al. [21] in the context of SH

d

4

Fig. 5. Canonic forms corresponding to trapezoidal canyons and hills. Notice that V-shaped forms can be obtained as particular cases of the trapezoidal geometries. In
this parametric analysis we tracked the variation in the error parameter 6 vs dimensionless frequency 7. First and second columns show the representation of the
topographic feature in terms of singular and smooth wedges respectively. In each case the distance between topographic elements is Ly,. The study was conducted
over the following range of parameters a € [15°, 40°], € [0.005, 0.1] and N = [1, 10, 25, 50].
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Fig. 6. Variation of the error parameter § vs dimensionless frequency 7 in V-shaped canyons of slope angle « in the range a € [15°, 40°] and subjected to incident SV
waves. Each plot corresponds to a different separation between topographic elements as indicated by the parameter N. The dashed horizontal line intercepting each
plot at the maximum frequency 7),,,, indicates the acceptable limiting value of § = 0.05.

waves. In that work topographic interaction is defined as higher order
diffraction and is identified in terms of cylindrical waves trapped be-
tween two adjacent singularities. With diffracted waves decaying with
wave number the interaction between two wedges becomes important
at low dimensionless frequencies. As the wavelength increases, the
sources of diffraction are perceived by the incident field as being close
to each other and although the interaction becomes stronger it takes
place in the form of destructive interference resulting in an unmodified

475

ground response. For instance, at low dimensionless frequencies a V-
shaped canyon built by 3 perfect singular wedges is perceived by the
incident field like a half-space with no topographic effect whatsoever.
In the rest of this paper the parameter describing the distance between
wedges is written as a factor of the topographic element size like:

Ly = Nd (6)

and where N is a second dimensionless parameter relating the distance
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Fig. 7. Variation of the maximum dimensionless frequency 7),,, Vs slope angle a for all geometries subjected to incident SH and SV waves and built with a
superposition of topographic elements at different separation distances Ly, = Nd. The 4 dots for a given color give the response for the 4 considered geometries, i.e.,

V-shaped canyons and hills and trapezoidal canyons and hills.

between wedges to the characteristic size of the topographic element d.
The distance parameter Ly is paramount to the response of a topo-
graphic profile described as a superposition of wedges. This aspect of
the response is further clarified by the analysis of a series of canonical
topographies for different values of the described topographic para-
meters.

3.3. Response of canonical topographies

After emphasizing the fact that the geometric parameters d and Ly,
(or its dimensionless counterparts 7 and N), completely describe a
generalized topographic profile, we now extend the parametric analysis
over a set of canonical topographies in the form of trapezoidal and V-
shaped canyons and hills (Fig. 5). These shapes can be easily con-
structed from superposition of topographic elements as those shown in
Fig. 2. In this case, each geometric disturbance is defined by its slope
angle a and by the geometric parameters d and Ly, defining the con-
forming topographic elements. Notice that the V-shaped canyons and
hills are particular cases of the trapezoidal geometries.

The analysis was conducted over the following set of parameters
a € [15°, 40°], n € [0.005, 0.1] and N = [1, 10, 25, 50]. The frequency
domain response for the horizontal component of the displacement field
from each resulting canonical shape under vertically incident SH and
SV waves was evaluated using our implementation of the direct
boundary element method. Typical 6 vs 7 results for V-shaped canyons
of different slope angles under incident SV waves are shown in Fig. 6
while the full set of results is presented in the Appendix. The main and
most relevant output from each one of the studied cases displayed in
Fig. 6, is the value of the dimensionless frequency 7 above which the
error parameter § reaches a value larger than the prescribed threshold
of 0.05. This value is indicated by the point where the horizontal line
intercepts thed-curve. For subsequent reference this value has been
labeled 7, and it is indicative of the maximum dimensionless fre-
quency at which both approximations produce equivalent results. It is
also observed from Fig. 6 that at » < 7,,,. the topographic interaction
parameter N is of little relevance, while at > 7, the interaction
becomes important in the shallow canyons (i.e., « = 15° and a = 20°).

The variations of 7,,, with the slope angle a for all geometries re-
sulting from the parametric analysis have been compiled in Fig. 7.
Associated to each angle this plot shows the value of 7, for the 4
considered geometries and the 4 values of the interaction parameter N.
It is observed that around 95% of the 7, values lie in the range

Npae € [0.02, 0.05], so in order to formulate a proxy that can be used in
the definition of the topographic element size associated to a prescribed
target frequency we fixed the value of 7 in 0.02 and re-write Eq. (3) as:
hin = 0.024%",

top

)

As a result, a model built in terms of dual smooth-singular elements and
where all topographic irregularities with size smaller than the one
predicted by (7) are eliminated would produce equivalent results.

With the definition of the fundamental topographic element and its
objective description in terms of a dimensionless frequency parameter,
we have introduced an analysis tool that can be used to make first order
estimates of the expected frequency content in the response of a topo-
graphic scenario. Alternatively, the tool can be used to produce sim-
plified representations of the topographic scenario as required by a
target frequency. In this case the corresponding value of 7,,, can be
used to find the required topographic resolution d that is needed to
capture the response up to the target frequency.

To further illustrate the meaning of the dimensionless frequency
parameter and its role in the effect of topography on the spectral re-
sponse, we display in Fig. 8 (SH waves) and Fig. 9 (SV waves) the
frequency domain amplitude function along the free surface of the V-
shaped hill with slope angle a = 30° for the 4 considered values of the
interaction parameter N. The top part in each figure shows the evolu-
tion of the error measure versus dimensionless frequency resulting from
the parametric analysis. Each subsequent plot corresponds to the spatial
distribution of the amplitude function for the maximum admissible
value of the dimensionless frequency 7,,,. taken from Fig. 7 according
to each case. Notice that the maximum dimensionless frequency 7),,,, is
almost independent of the value of N and that a larger value of N is
indicative of a larger number of wavelengths accommodated in the
topographic profile.

4. Dynamic response of the Aburra valley

The extensive analysis conducted over a wide range of parameters,
including (concave and convex) geometries; slope angles; distance be-
tween diffraction sources; and wave types (SH and SV waves) has re-
vealed that the dual singular-smooth wedge representation of the sur-
face topography yields equivalent results up to a value of the
dimensionless frequency 7 = 0.02. This result also implies that, all the
topographic irregularities of characteristic dimension:
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Fig. 8. Spatial distribution of the amplitude function along the free surface of V-shaped hills of slope angle a = 30° under incident SH waves at constant values of the
dimensionless frequency 7. Each panel shows the results for the model built with the singular and smooth wedge representation with distance between wedges Ly .
The dimensionless frequency in each case is taken from Fig. 7 and corresponds to the point where the dashed horizontal line intercepts the § vs 7 curve in the top

panel of the figure.

h min

min < 0.028T""

®
forming a surface profile in a medium of shear wave propagation ve-
locity 3, are irrelevant if the spectral response is expected to be accurate
as prescribed by the target period T™ . In this section we apply these
ideas to the evaluation of the dynamic response of the Aburra Valley
Region (AVR) in Medellin, Colombia. This is a long-shaped sedimentary
basin located at the north end of the central range of the Colombian
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Andean region in Northwestern South America. For a brief description
of the prevailing tectonic environment the reader is referred to Restrepo
et al. [33]. The valley has a total length of about 30 km and a shortest
width of about 7 km near its center. Most of the basin is occupied by
residual soils and hill-slope deposits, which are susceptible to seismic
wave amplification due to local effects. The eastern part of the region is
dominated by moderate to steep slopes (>30 per cent) with geometric
irregularities of various lengths. The city of Medellin (second largest
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panel of the figure.

city in Colombia with nearly 2.5 million habitants) occupies most part
of the valley. In addition to this complex topographic scenario its south-
east sector has seen a tremendous growth in population during the last
30 years with an architectural setting composed mostly by mid to high
rise reinforced concrete buildings with fundamental periods larger than
2.0 5. Colombian seismic regulations allow for the implementation of
local site effects through particular studies as an alternative to the
mandatory site coefficient approach based upon the 30m soil

classification. However in these regulations there are no specific
guidelines as to how to consider possible topographic effects if any.
Topographic effects for this scenario have already been addressed by
Restrepo et al. [33] using large scale computational models considering
the seismic fault and a first version of a community velocity model for
the city. That work revealed a strong modification to the incident wave
field induced by topographic effects. Here we will concentrate not in
the accurate prediction of the ground motions considering mechanical



M. Sdenz, et al.

10 km >

Deep(km)

« Volador._ 3
Cross-section

Nutibara
cross-section

Soil Dynamics and Earthquake Engineering 123 (2019) 470-497

Nutibara—section

11 15 28
Length(km)

T
9

Volador—section

=

N —

18
Length(km)

32

Fig. 10. Overall view of the dominant surface topography in the AVR. The shaded rectangles correspond to the two west-east cross sections analyzed in this work.
Both sections contain a localized topographic feature in the form of an isolated hill in the center of the valley and a stronger coupled topography towards the east and
west margins. In both cases the slopped parts of the topographic scenario are highly populated with a large density of reinforced concrete buildings with varying

quality levels.

Table 1
Physical description of the receiver points considered in the studied cross sec-
tions.

Feature Name Receiver Cross section
@ Diffractor ®© CN, CV

@ High frequency canyon @ cv

@ High frequency hill @ CN

@ Flat open ® CN

@ Long slope (€] cv

@ Isolated hill @ CN, CV

@ Flat closed ® CN, CV

@ Halfspace ® CN, CV

and geometrical effects, but only in the determination of the mod-
ifications experienced by the incident motions due to the overall surface
topography. Moreover, the main goal in our analysis is to test and
highlight the connection between topographic resolution and spectral
response and to explore its potential application to site response ana-
lysis. It must be recognized that previous results from other groups have
shown that there might be a strong, non-linear coupling between

mechanical and geometric effects, [6]. However, a model based on
single-material properties might still be valid for topographic effects if
the differences in stiffness between the existing soil deposits is small.
In this study we will focus in the response at two cross sections
involving localized topographic features and interacting topography.
Fig. 10 shows the overall topographic scenario dominating the AVR and
the two cross sections of interest. In general, both sections are re-
presentative of the topographic layout prevailing in the region with soft
slopes, or even an almost flat configuration, in the center of the valley
with steeper slopes in the west and east flanks. The east margin is
particularly important as it continues its extension along a second flat
region (not shown in the figure) with an increasing growth in popula-
tion. The figure also displays the topographic profiles existing at each
cross section. Points marked @through ®indicate receivers for further
analysis. The first section contains an isolated hill, named Cerro Nuti-
bara, located at the bottom of the valley (receiver ®). This formation
has a shape closely resembling that of a trapezoidal wedge of approx-
imate height h = 120, m. Cerro Nutibara (CN) section also contains a
smaller isolated hill over the west flank (receiver point ®) and a flat
step-like site over the east flank (receiver point ®). This last site is
characteristic of artificial formations introduced during typical con-
struction process. A second flat site has also been selected at the bottom
of the valley (receiver point ®), locally approaching half-space condi-
tions as the flat geometry is enclosed by the lateral boundaries defining

——%’T

Fig. 11. Schematic description of a topography-dependent-response-spectra (TRS). The target structural period 7"

Tfar

sets the size h7i"

iop Of the minimum topographic element that

must be retained in the computational model in order to predict results accurate in the shaded period range. The topographic features inside the band of size + d are eliminated
by the singular wedge approximation. Smaller sizes for the minimum topographic element implies an increase in accuracy in the response spectra.
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predict accurate results up to the target frequency f*. The blue line marks the topographic irregularities of characteristic dimension larger than d as per Eq. (7). This
final model can be analyzed with standard numerical techniques in order to predict the response up to the target frequency f™.
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Fig. 13. Complete and effective cross sections at the CV (top) and CN (bottom) formations after applying the band simplification algorithm with topographic element
parameter hjg," = d = [25.0, 50.0, 100.0] m.

the slopes of the valley. The second cross-section under analysis con- located at the bottom of the valley. By contrast with CN-section, this
tains also an isolated hill, known as Cerro Volador (CV), with a trape- formation contains a small depression in the west flank with a form
zoidal shape of approximate height h = 180, m (receiver point ®) and closely approximating that of a V-shaped canyon (receiver point @).
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the dashed line.

Towards the east margin the cross section includes a second small-scale
hill (receiver point ®) as opposed to the flat feature considered in CV-
section. We have also included a flat site located over the west flank
(receiver point ®). This last point is intended to produce results com-
parable with those at point ®in CN-cross section. In addition to the
previously described set of receivers, both models consider also a dif-
fraction source located along the top part of the west margin (receiver
points @), and a half-space point located over the east, in the region
identified as San Nicolas valley (receiver points ®). The considered
cross sections and selected receivers are expected to represent topo-
graphic effects in a wide frequency regime and introduce different types
of spatial motion variation. Table 1 presents a physical description of
the different receivers along both cross-sections.

4.1. Spectral response considering topographic effects

Each one of the two cross sections of the AVR was represented by
simplified topographic models after applying the ideas developed in the
previous sections of this article. To obtain different topography-limited-
response-spectra (TRS) we built simplified models using topographic
elements of different characteristic dimensions. Note that in this work a
topographic element is a conceptual physical parameter associated to a
particular topographic scenario. As a result, in the construction of
simplified models we can remove but we cannot add new topographic
elements. This implies that the difference between two models of the
same scenario lies in the number and size of topographic features that

are retained in each case. In the computation of the TRS we prescribed
values of the target period corresponding to T = [1.25, 2.5, 5.0] s, im-

plying  topographic  elements of characteristic size of
d = [25.0, 50.0, 100.0] m. These were computed using hg," = 0.028T""

with 8 =1.0km/s. The value of 7 = 0.02 corresponds to the lower
bound of maximum dimensionless frequency as per the parametric
analysis.

To construct the simplified models we used the previously found
result that for a given target period T*" the value of d specified by Eq.
(7) allows us to remove (or modify) all the topographic irregularities of
size ¢ < d without altering the response spectra at periods larger than
T'er. This condition can also be understood to imply that, within a band
of size 2d, built parallel to the original topographic profile at a distance
+ d, an approximation in terms of straight lines (i.e., singular wedges)
predicts the response accurately up to the target period T'". The de-
tailed procedure is schematized in Fig. 11, where the red line represents
the actual profile and the band of width 2d is shown by dashed lines
separated by a distance + d from the actual surface. Inside this band we
now approximate the actual topography in terms of straight (blue) lines
forming singular wedges. Note that these straight lines would even-
tually smooth out all the topographic features contained inside the band
and therefore smaller than d. Clearly as the band size is reduced the
model approaches the actual topography and increases the accuracy of
the TRS as shown by the dashed portion of the schematic response
spectra in each case.

To bring into attention an additional aspect of the approach we
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Fig. 16. Ratios of response spectra between the results from the modified models corresponding to values of the resolution parameter d = [25, 50, 100] m as per Eq.
(7) and the exact topographic representation for the 6 receiver points in the Cerro Nutibara cross section under vertically incident SV waves. The vertical line in each

plot corresponds to the value of the target period for each value of d.

show in Fig. 12 a complete topographic profile and the parallel band of
size 2d. Notice (as shown by the zoomed-in insert figures) that the ar-
tificial profile (shown in blue) may remove (or add) concave and
convex relief. This schematic description of the analysis method makes
evident that the approximate solution (blue line) within a given band is
not unique, as different topographies may be proposed. Despite of this
possibility of multiple solutions the approach is accurate as these dif-
ferences would only produce modification at periods smaller than T,

To clarify this methodological aspect of the approach, assume that
the analyst is interested in finding an accurate response spectra in a
period range between 1.25 s and 5.0 s. Setting 7" = 1.25 s in Eq. (8)
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together with 8 = 1000 m/s we obtain a minimum value of the topo-
graphic element htf,’g" = 25.0 m. This value of the required topographic
resolution is later used in the construction of the simplified model. This
is achieved by drawing two auxiliary surface profiles parallel to the
actual topography at a distance + 25 m. Within this resulting band of
width 2d = 50 m (see Fig. 12) any model built in terms of straight lines
forming wedges provides results with the expected accuracy in the re-
sponse spectra. These set of values was used in the construction of the
d = 25 m-model used in the analysis of the AVR.

Fig. 13 shows the two cross sections studied in this research. The
shaded box shows the relative location of the section within the
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Fig. 17. Ratios of response spectra between the results from the modified models corresponding to values of the resolution parameter d = [25, 50, 100] m as per Eq.
(7) and the exact topographic representation for the 6 receiver points in the Cerro Nutibara cross section under vertically incident SH waves. The vertical line in each

plot corresponds to the value of the target period for each value of d.

complete AVR. The complete original profile is shown in the left top
part of the figure while the 3 modified models corresponding to topo-
graphic elements of size d = [25.0, 50.0, 100.0] m are shown in the top
right of the figure.

At each cross section we found the horizontal displacement com-
ponent of the response corresponding to the exact topography and to
the three simplified models for vertically incident SH and SV waves
using our previously referred boundary elements scheme. The boundary
element implementation satisfies exactly radiation boundary conditions
at infinity and applies the plane wave excitation in terms of effective
motions so our results are accurate up to numerical round-off errors. To
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obtain a time domain representation of the response, we computed
synthetic seismograms as input motions after using a seed and a target
response spectra. The seed consisted of records from the horizontal
component at the Manchester station corresponding to the Hector Mine
earthquake (Fig. 14). These seeds were modified using the wavelets
algorithm from Al Atik and Abrahamson [3] to produce maximum re-
sponse spectral amplitudes in a period range between 0.5 s and 6.0 s
(Fig. 15). These artificial motions are tailored to a wide band response
spectra in such a way that it would allows us to identify amplification
(or reduction) levels over a large period range.

Figs. 16 to 19 display the results for both cross sections along the 6
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Fig. 18. Ratios of response spectra between the results from the modified models corresponding to values of the resolution parameter d = [25, 50, 100] m as per Eq.
(7) and the exact topographic representation for the 6 receiver points in the Cerro Volador cross section under vertically incident SV waves. The vertical line in each

plot corresponds to the value of the target period for each value of d.

receiver points when the models are subjected to vertically incident SV
and SH waves. The results are presented in the form of spectral ratios
(or ratios of response spectra RRS) between the response obtained with
the simplified models and the one for the exact topography. Each panel
shows the response at one of the 6 receivers points as indicated in the
insert figures (see Fig. 10). In each case the vertical lines in the RRS
indicate the prescribed target period associated to each value of d. On
the other hand, the small gray band surrounding the RRS results cor-
responds to the 5.0% acceptable error. This implies that the portion of
the RRS contained within this gray zone is assumed to be accurate. It is
observed that in all cases accuracy is obtained up to the target period
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and in almost every case this accuracy is even extended towards the
lower period range. Notice that the reported RRS results are not in-
dicative of the presence or absence of topographic effects but to the
quality of the response from the simplified model with respect to the
exact profile. In this sense a value of 1.0 in the RRS plot corresponds to
exact prediction of the response.

The results in terms of the RRS s show that the response obtained
with the simplified models at receivers corresponding to flat topo-
graphies (i.e., receivers ®@and ®with physical conditions indicated by

and @ respectively) are accurate nearly over the complete fre-
quency range. This is an obvious and expected result since at these
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Fig. 19. Ratios of response spectra between the results from the modified models corresponding to values of the resolution parameter d = [25, 50, 100] m as per Eq.
(7) and the exact topographic representation for the 6 receiver points in the Cerro Volador cross section under vertically incident SH waves. The vertical line in each

plot corresponds to the value of the target period for each value of d.

locations there are no local irregularities to be removed by the ap-
proximate models. At receivers with isolated topographies, like points
@with physical conditions denoted by @, the exact response is pre-
dicted by the d = 25 m-model, while models corresponding to d = 50 m
and d =100m are accurate for periods larger than T =2.5s and
T = 5.0 s respectively. It must be observed that these points might be
considered isolated as there are no additional nearby formations gen-
erating wave interaction. By contrast, in the case of local topographies
of smaller size, like receiver @in CN-section with physical conditions
indicated by @, the d = 100 m-model fails to predict the response in
periods larger than T = 5.0 s, while at the same point in the CV-section,

where the local geometry takes the form of a V-shaped canyon, the
three models predict accurate results. As a final observation the re-
sponse at the major diffraction sources (i.e., receivers ®with physical
conditions @) and those corresponding to half-space conditions (i.e.,
receiver ®) the response is fully captured by thed = 25m and d = 50 m
models. At the diffraction source this can be explained in terms of the
smoothing introduced in the simplified models and the fact that nearby
smaller topographies are effectively removed. To summarize our re-
sults, it is clear that for the AVR the response over the complete fre-
quency band is fully captured by simplified models with topographic
elements corresponding to d = 25m. However if the analyst is
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Fig. 20. Comparison of the spatial distribution of the frequency domain amplitude function along the free surface for the original and simplified profiles in the Cerro
Nutibara cross section. Left and right columns are for SV and SH waves respectively.

interested in periods larger than T = 5.0 s the topographic resolution
can be as low as d = 100 m.

As a complementary result, Fig. 20 and 21 compare the spatial
distribution of the frequency domain amplitude function (TF) along the
free surface of each cross section for the exact and modified profiles
respectively. Left and right columns show the response for SV and SH
waves for a target frequency associated to a value of the error para-
meter 6 = 0.05.

Besides the observed match between the RRS and TF solutions, the
results also reflect the importance of surface topography for ground
motions in the low frequency range. For instance, it must be empha-
sized how the response in the 5.0 s period is modified by topography in
a regional scale (order of kilometers) while an adequate topographic
response at a local site requires the consideration of topography in a
local scale (order of meters) affecting the spectral response in lower
periods.
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5. Conclusions and further work

We have studied the influence of surface topography in the problem
of site effects in earthquake engineering. Using a generalized infinite
wedge as a fundamental building block in the representation of an ar-
bitrary surface topography, we introduced the concept of topographic
resolution as the frequency range that can be effectively propagated
through a given topographic profile. This was achieved after assigning a
characteristic dimension to the otherwise dimensionless wedge, thus
defining a generalized topographic element. Such definition of topo-
graphic resolution in terms of the size of the topographic element was
later used to establish a physical connection between the geometrical
features existing in a topographic scenario and the resulting spectral
response of the profile. The physical connection was calibrated via
parametric analysis of infinite wedges and of canonical shapes (canyons
and hills) with concave and convex geometries. Using these ideas we
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Fig. 21. Comparison of the spatial distribution of the frequency domain amplitude function along the free surface for the original and simplified profiles in the Cerro
Volador cross section. Left and right columns are for SV and SH waves respectively.

proposed a rational technique to make first order estimates of the ex-
pected frequency content associated to a given topographic scenario.
These same ideas can also be used to guide the analyst in identifying
which geometric features of a given topographic scenario are relevant
in the estimation of the ground motions at a local site if the analysis is
expected to accurately capture the response up to a target period: such
partially accurate response spectra is henceforth termed topography-
limited-response-spectra (TRS). To test the established physical con-
nection between the spectral response and the geometric features of the
topographic profile we conducted analysis for the Aburr Valley Region
(AVR) in Medellin, Colombia. To that end we defined 3 target periods
representative of typical reinforced concrete buildings in the region and
determined 3 different models which resulted after eliminating the
unnecessary topographic features in the profile. The analysis were
conducted for two cross sections of the AVR comprising geometric ir-
regularities of various physical conditions. A comparison between the

spectral responses obtained with the exact and simplified topographies
showed that in fact the response spectra resulting from the simplified
models accurately predicts the response at least up to the target period
and in many cases at even lower values. Although we are well aware of
the fact that the modifications to the incident seismic field are the result
of several combined effects like mechanical impedance and surface and
sub-surface topography, this work contributes to the understanding of
the challenging problem of geometric effects in earthquake en-
gineering.

The analysis of canonical topographies and of the realistic scenario
corresponding to the AVR have emphasized the role, as controlling
parameters in the topographic effect, of the characteristic size of the
topographic features and the distance between these topographic fea-
tures: we have shown that the first parameter clearly controls the
spectral response in the high frequency regime (Eq. (7)), generating
amplification and reduction at convex and concave topographies
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respectively. On the other hand, the second parameter controls the level
of topographic interaction between singular elements, in such a way
that at low frequencies topographic irregularities are perceived as very
small and very close to each other, producing a response controlled by
the isolated topography. These aspects of the response can be taken as
points of departure to produce revised site coefficients taking into ac-
count the spatial variability of the response due to topographic effects.
Particularly, in work-in-progress, we are exploring the concept of to-
pographic interaction in order to relate the distance between topo-
graphic features and frequency content and thus study the feasibility of
locally-based aggravation factors that can be applied to simple, local
geometries depending upon the frequency range of interest. As

Soil Dynamics and Earthquake Engineering 123 (2019) 470-497

suggested by results from diffraction theory, key to this problem is
precisely the distance between sources of diffracted waves.
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Appendix: Variation of the error parameter in the canonical topographies
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Fig. 22. Variation of the error measure § vs dimensionless frequency 7 in a concave wedge subjected to incident SH and SV waves for slope angles in the range
[15°, 40°] and distance parameter d = 100. The dashed horizontal line intercepting the plot at 7,,,, corresponds to the limit value of § = 0.05.
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Fig. 23. Variation of the error measure § vs dimensionless frequency 7 in a convex wedge subjected to incident SH and SV waves for slope angles in the range
[15°, 40°] and distance parameter d = 100. The dashed horizontal line intercepting the plot at 7,,,, corresponds to the limit value of § = 0.05.
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to incident SH waves. Each plot corresponds to a different separation between topographic elements as indicated by the distance parameter Ly . The dashed
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Fig. 25. Variation of the error parameter 6 vs dimensionless frequency 7 in trapezoidal canyons of slope angle a in the range [15°, 20°, 25°, 30°, 35°, 40°] and
subjected to incident SH waves. Each plot corresponds to a different separation between topographic elements as indicated by the distance parameter Ly, . The dashed
horizontal line intercepting each plot at the maximum frequency 7),,,, indicates the acceptable limiting value of § = 0.05.

490



M. Sdenz, et al.

0.20

0.15

0.05

0.00

0.20

0.15

0.05

0.00

0.20

0.15

0.05

0.00

a=15°

a=25°
— N
T I T I
T T T T
0.00 0.02 0.04 0.06 0.08
n

0.10

Soil Dynamics and Earthquake Engineering 123 (2019) 470-497

a=20°

— N=1
— N=10
N=25
— N=50

AN

0.00

0.02

T T
0.06 0.08

n

T
0.04 0.10

Fig. 26. Variation of the error parameter § vs dimensionless frequency 7 in trapezoidal canyons of slope angle a in the range [15°, 20°, 25°, 30°, 35°, 40°] and
subjected to incident SH waves. Each plot corresponds to a different separation between topographic elements as indicated by the distance parameter Ly, . The dashed
horizontal line intercepting each plot at the maximum frequency 7),,,, indicates the acceptable limiting value of § = 0.05.
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Fig. 28. Variation of the error parameter § vs dimensionless frequency 7 in trapezoidal canyons of slope angle « in the range [15°, 20°, 25°, 30°, 35°, 40°] and
subjected to incident SH waves. Each plot corresponds to a different separation between topographic elements as indicated by the distance parameter Ly, . The dashed
horizontal line intercepting each plot at the maximum frequency 7,,,, indicates the acceptable limiting value of § = 0.05.
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Fig. 30. Variation of the error parameter § vs dimensionless frequency 7 in trapezoidal canyons of slope angle a in the range [15°, 20°, 25°, 30°, 35°, 40°] and
subjected to incident SH waves. Each plot corresponds to a different separation between topographic elements as indicated by the distance parameter Ly, . The dashed
horizontal line intercepting each plot at the maximum frequency 7),,,, indicates the acceptable limiting value of § = 0.05.
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