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Abstract

Studies on the phenomenon of topographic amplification of seismic waves date back to the early 1960s. Since then,
many studies have revealed that topographic features such as slopes, cliffs, hills or canyons are able to alter seismic
ground motion significantly. Depending on which part of the topographic feature is considered, seismic ground motion
can be either deamplified (i.e. weakened or suppressed) or amplified. The latter has been often observed at hilltops or
close to ridges and thereby contributed to greater building damage. These effects have hence a significant impact on
earthquake loss estimation. The review of a great number of studies on topographic amplification, both experimental
and theoretical, shows that significant differences exist in the topographic amplification factors derived through the
different approaches. The few seismic design code provisions addressing the topic of topographic amplification handle
this issue in a very simplified way by basically adding a period-independent amplification factor when constructing the
elastic design response spectrum. Therefore, a comparison between the damage results (in terms of Mean Damage Ratio
— MDR) when using period-dependent topographic amplification relationships and the simplified factors provided by
the Eurocode 8 and the Italian code are conducted. Those relationships compute the topographic amplification factor
using a simplified hill geometry with parameters H (height of the hill), L (half width of the hill), and H/L (slope of the
relief).

First, two sites are chosen at several distance from a hypothetical active fault (20 and 40 km epicentral distance) and
three earthquakes (Mw 5.5, 6.0 and 6.5) are simulated through a ground-maotion prediction equation. Using the software
SELENA, MDR values are computed for varying topography relief (slope) ranges from 0 to 35° and varying soil type
characterized by average shear-wave velocities (Vs30) between 180 and 900 m/s. Damage results are obtained for a
building typology representative for southern Spain and three height ranges (low, medium, high) indicating large
differences in the derived MDR values for all topographic amplification models considered.
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1. Introduction

Studies on the phenomenon of topographic amplification of seismic waves date back to the early 1960s.
Since then, many studies have revealed that topographic features such as slopes or ridges are able to amplify
seismic ground motion and hence may increase the damage extent to buildings significantly. However,
though topographic amplification can be considered as a well-investigated research field, it is still not
addressed in the majority of international building design codes, and neither has been considered in any
study or procedure for earthquake loss estimation (ELE) worldwide.

Topographic amplification effects were reported during the following earthquakes: 1909 Lambesc [1],
1985 Chile [2], 1987 Whittier Narrows [3], 1995 Aegeon [4] , 1999 Athens [5], 2003 Boumerdes [6], 2008
Achaia-llia [7], 2011 Christchurch [8] , 2015 Gorkha [9] , amongst others.

The amplification of seismic ground motion on hilltops and steep slopes is in general caused by the
interaction between the incoming seismic waves and these geomorphical features (Fig.1). Many studies
revealed that the impact of topographic amplification is maximum when the incident wavelengths (1) are
comparable with, or slightly shorter than the hill width and that a direct relationship exists between
topographic amplification and the ratio between H/\, where H is the slope height and A is the wavelength of
the input ground motion [15].

Quantifying the impact of topographic amplification on structural damage turns out to be difficult as in
many cases it may not be possible to separate these effects from soil amplification, earthquake-triggered
slope failure or an increased vulnerability of the structures. The latter is often due to the sloped terrain, which
imposes strong irregularities to the building configurations and the fact that these buildings show significant
design deficits since building codes are mainly focused on buildings located on flat terrain [17].

While slope failure effects can be more easily identified, it is particularly difficult to distinguish
between soil and topographic amplification, especially when the topographic feature consists of sedimentary
soil materials (e.g. soil slopes at river banks) or when rock slopes are covered by soft sedimentary layers. A
theoretical approach to this problem was discussed by [19]who investigated topographic and site
amplification separately in order to identify the contribution of both to the apparent amplification, i.e. the
type of amplification commonly “(..) derived from field studies of topographic effects (following
earthquakes) and which generally does not take into account site amplification due to the natural frequencies
of the soil column behind the crest and/or beyond the toe of the slope.” To follow this procedure, however, it
would be required to have high-quality recordings at various recording sites within the slope as well as
detailed knowledge of local geological and geometrical conditions, which is difficult to achieve.

The field of earthquake loss estimation (ELE) gained momentum in the late 1990s with the first
release of the FEMA and NIBS HAZUS methodology [20].

ELE is concerned with predicting the likely consequences of an earthquake or its shaking effects on an
individual or a group of physical assets (usually buildings, structures, infrastructure facilities). The aim of
ELE usually goes beyond the sole estimation of physical damage, by including the prediction of direct social
and economic losses, business disruption, number of displaced households and shelter requirements, or even
volumes of debris [21]. In general, ELE studies can be conducted using various approaches of which the
most common ones are the empirical (or statistical) approach and the more recent analytical (or theoretical)
approach. Other ways to conduct ELE studies are based on a hybrid approach or they rely on expert opinion.
The various approaches differ in principle in the way earthquake ground motion is represented and building
vulnerability is treated [21].
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Fig. 1- Cartoon on effects of surface topography on damage distribution during the 1980 Irpinia (ltaly)
earthquake. Figure taken from [22].

With respect to providing the seismic ground-motion characteristics at the site of interest, i.e. at the
locations of the physical asset under investigation, both seismic hazard and local geological subsoil
conditions are considered. When focusing on ELE studies following the analytical approach, earthquake
ground motion is usually provided in terms of a site-specific response spectrum that considers both the local
hazard level at bedrock and the amplification potential of the local geological site conditions. However, with
respect to the potentials for amplifying the seismic ground motion characteristics at a given site, the available
procedures, software tools and conducted studies on ELE have been exclusively focusing on soil
amplification, or more precisely, the amplification potential of the near-surface sedimentary layers. Even
though it is widely accepted that, in addition to soil conditions, surface topography can have considerable
influence on the frequency and amplitude characteristics of earthquake ground motion, this effect has been
neglected in all of the existing ELE software tools, and neither do ELE studies in general consider this effect.
Needless to say, the consideration of surface topography and its mapping and inclusion in ELE algorithms
may only be important (and even worth the effort) in areas that are characterized by the presence of distinct
topographic features, which by the way is often found in earthquake prone regions.

2. Topographic amplification in seismic design codes

As stated before, soil amplification factors are widely used in seismic design codes by adding a pre-defined
factor to the elastic design spectrum. However, only a small number of seismic building design codes
address topographic amplification, which may indicate that the scientific community has not yet come to a
general consensus on this topic. The few exceptions of seismic building codes addressing topographic
amplification are the French code AFPS 90 [23], the Italian code ICMS 2008 [24], [25], and Eurocode 8
[26]. In each of these provisions, topographic amplification is handled in a very simplified way with
topographic amplification being solely represented by an amplification factor, which is to be added to the
elastic design spectrum. Even if the Italian code ICMS specifies that this factor shall only be assigned to
periods T between 0.1 and 0.5 s, the amplification factors are generally period independent, which means
that the ordinates of the entire design spectrum are to be multiplied by the topographic amplification factor.
This factor, referred to as zor Sr, requires that the relief can be represented in a simplified 2D shape. Each of
the respective design codes mention that irregular complex shapes will require specific studies.

In order to provide a comparison of these three codes in terms of topographic amplification, Table 1
(in combination with Fig.2) are summarizing the provisions for hilltops. Even if the computation of
(maximum) topographic amplification factors can be considered straightforward and unambiguous in all
codes, less explicit information is provided on affected areas, such as the segments of the topographic feature
for which topographic amplification shall be applied, and how the transition of maximum topographic
amplification factor to a factor of 1.0 shall be modelled.
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Table 1 — Criteria for hilltops and their maximum topographic amplification factors as provided in the
various seismic building codes.

Reference | Criteria Maximum amplification
Slope Slope angle Base width?) Affected area Amplification factor Period range
height
AFPS 90 H>10m 0>21.8% not specified a = H/3 for either side | t=1.00 (0. < 21.8°) all periods
(tan 0. >0.4) of the hill Tt = 1+0.8-(tana—0.4)
(o >21.8°)
7=1.40 (o0 > 42°)
ICMS 2008 | H>10m o >10° “Fa shall be assigned | max (Fa, S7): T=0.1-05s
L">350m to the entire crest ;" | In (Fa) = 1.11 - H/L"
L">250m “from the crest along
L*>150m the slopes, Fais to be | In(Fa)=0.93 - H/L"
L*<150m scaled linearly until a | In(F,)=0.73 - H/L*
1>1/3-L" value of 1 at the toe of | |n (F,) =0.40 - H/L*
each side.” In (Fa) =0.47 - H/L"
Sr=12-14
EN1998-5 | H>30m o >15° crest width “(..) St should be used | S7>1.2 (o >15°) all periods
<< base width | near the top of the | §;>1.4 (a0 >30°)
slopes (..)”
“(..) Sr to decrease as
a linear function of the
height (..) and to be
unity at the base.”

2) in case of Italian code ICMS 2008, the base width of the topographic feature is marked as L” since parameter L is generally used
to define the half-width of the base of a hill, i.e. parameter L* would correspond to 2L

ICMS: /

—

\ ICMS: L* |
I~ 2L |

Fig. 2 — Description of topographic features (hilltop) as provided in various building codes.

Recently, [27] examined the role of topographic effects on the prediction of earthquake ground motion and
its implication for seismic hazard analysis and seismic design. They propose to include an additional term in
the existing ground motion prediction equations (GMPES) to account for the effects of surface topography at
a specific site. This factor is obtained from experimental and numerical analyses for the site of Narni. In
particular with reference to the Italian building code, they concluded that national provisions are inadequate
to define the seismic load at the top of ridges and crests.

Following a detailed review of the existing literature, [28] proposed a period-dependent topographic
amplification relationship (including PGA) for sites at the top of a hill, which may be used in future ELE
studies in hilly areas or regions characterized by sloped terrain. Therefore, based on this research, the goal of
the present study is to investigate the sensitivity of the damage results (in terms of mean damage ratio —
MDR) through a comparison when using the period-dependent topographic amplification relationship [28]
and the simplified factors provided by Eurocode 8 (EC8) [26] and the Italian code [25].
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3. Methodology

Seismic risk estimation is a tool to help public authorities not only to construct according to specific
regulations but also to be prepared for emergency situations. This is the only way of reducing fatalities and
losses being potentially caused by future seismic events.

In Spain, the low frequency of damaging earthquakes and the short social memory about their effects
makes the population very vulnerable to this natural phenomenon. The M5.1, 2011 Lorca earthquake
evidenced this situation. This event was the first one causing fatalities since the implementation of modern
earthquake-resistant codes in Spain. Nine fatalities, thousands of displaced persons, significant damage to
relatively recent buildings and elevated economic losses were the sad outcome of this event. In this case,
failures on construction conception and the poor performance of non-structural elements were the main cause
for this disaster.

The 1829 Torrevieja earthquake is known as one of the most damaging earthquakes in Spain and
specifically the Alicante province. This event reached a macroseismic intensity X following the EMS-98
scale. The ground motion was highly amplified by the soft soils covering the areas closest to the Segura
River causing significant structural damage in a wide area. 2965 buildings suffered extensive and complete
damage, while 2396 buildings experienced moderate damage. With respect to the human losses, 389 persons
died and 375 suffered injuries of moderate severity. [29] studied the seismic activity of the Bajo Segura fault
zone and obtained that the maximum moment magnitudes range between 6.6 and 6.8 for individual fault
segments and between 6.9 and 7.1 for a complete rupture of the Bajo Segura fault. Additionally, the focal
depth was supposed to be shallow (approximately 5 km).

Based on this information, two cities (CTY1 and CTY2) located at 20 and 40 km from the Bajo
Segura Fault (Fig.3) are chosen for the present study while three possible events of Mw 5.5, 6.0 and 6.5 are
simulated. We have assumed that the buildings are located either on flat topography or a hill with a
semilength of 150 m. The slope of the relief for both cities is ranging from 0 to 35 degrees (H/L from 0 to
0.7) and the soil conditions varies from rock (Vs30 = 900 m/s) to soft soil (Vs30 = 150 m/s) in case of flat
terrain (H/L = 0) and Vs30 = 900 and 550 m/s in case of sloped terrain. Additionally, the ground-motion
values are obtained using BEA [30] ground motion prediction equation. Fig.4 sketches all the possible
combinations and solutions obtained.

M'unicibality of Alicante

= . Crevillente Fault

_ - Muhicipality of Elche;

' Bajo Segur Féut
; N EQ 15Kilometers
0°45'0"W  0°40'0"W 0°35'0"W 0°30'0"W 0°25'0"W

Fig. 3 — Geographical location of the simulated earthquake and the two cities.
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The exposure in the city has been represented by the main structural typology, i.e. reinforced concrete
frames with unreinforced masonry infills without seismic code design (named RC1-p low, medium and high
rise) built between 1978 to 1996. The vulnerability of this building typology is represented by the curves
provided by [31] named RC3-pre. For testing purposes, the number of building is fixed to 300, equally
distributed among the low-, medium- and high-rise height classes.

The damage computation is done using the software SELENA [32] choosing the IDCM-method to
compute the performance point and using three methodologies to account for topographic amplification:
ICMS-2008 [33], EN1998-5 (EC8) [34] and period-dependent [36].

@hquake H/L Soil Type GMPE Solum
S

Mw5.5 D -Vs30: 150 m/s BEA

C—Vs30: 270 m/s 4.

B —Vs30: 580 m/s S

A —Vs30: 900 m/s

E'

S

Mw6.0 0.26 B —Vs30: 550 m/s

A —Vs30: 900 m/s

Mw6.5 0.36

0.47

0.58
S14
0.70

Fig. 4 — Scheme of the different MDR computations carried out

4. Results

Fig.5 shows the variability of Mean Damage Ratio (MDR) when using different soil types for both cities and
assuming the occurrence of three earthquakes. As we can see, the MDR is higher for CTY1 (20 km from the
rupture) and it is reduced by a factor of 2-3 for CTY2 (40 km from the rupture). Additionally, the highest
damage appears for the very soft soil (D — 150 m/s) while it decreases from low-rise buildings to high-rise
buildings. This behavior is different for the Mw6.5, when MDR increases from low-rise to high-rise
buildings.

Fig.6 shows the MDR variability for a Mw5.5 event affecting buildings located on the top of a hill with
slopes between 15 to 35 degrees. As we can see, the highest damage appears for CTY1. If the hill has a Vs30
of 900 m/s, the MDR is always lower than for a soil type B (550 m/s). Additionally, for slopes lower than
30°, the period-dependent relationship provides a higher MDR than EC8 or NTC2018. If the slope is higher
or equal than 30°, EC8 provides the higher MDR. The damages are always higher for low-rise buildings than
for the high-rise buildings. Finally, the period-dependent relationship shows a decreasing MDR when the
slope angle increases.

A similar behavior can be observed in Fig.7 for a Mw 6.0 and finally Fig.8 shows the variability for a Mw6.5
event. Here we also can see how the MDR increases from low-rise to high-rise buildings in most of the
cases.
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Fig. 5. MDR variability for different soil types.

5. Conclusions

In the present study, it is tried to quantify the variability of structural damage with respect to magnitude and
distance of the damaging seismic event as well as site effects, i.e. soil and topographic amplification caused
by soil class and slope angle, respectively. From the obtained results, the following observations can be
made:

1. As many authors have stated before, structural damage is most sensitive to local geology (represented
by soil class and hence average shear wave velocity Vs30). However, this is foremost true in case of flat
terrain, i.e. when topography is not considered. As can be seen from Fig.5, the MDR values range from 2%
to 40% for a magnitude 6.5 in CTY1 when varying between soil classes A to D. On the other hand, when
varying the slope from 15° to 35° the MDR values never reach values greater or even 40%, while the
differences between the results for the flattest and steepest slope are less than the differences observed for
various soil classes.

2. Topographic amplification still has a significant effect on the predicted MDR, which is why it should
be taken into consideration for earthquake loss estimation. As it can see from Fig.6 to 8, MDR can increase
up to 25% for slopes with slope angles steeper than 25°.

3. Generally, the EC8 and NTC2018 models provide lower MDR values than the period-dependent
relationship for slopes up to 25 degrees, while this trend is reversed for slopes steeper than 25 degrees. While
both EC8 and NTC2018 models show similar trends in MDR for many of the investigated scenarios, the 25
degree slope can be considered as the case where the trend of MDR switches, i.e. larger MDR values for the
period-dependent relationship for slopes flatter than 25 degrees and larger MDR values for the EC8 and
NTC2018 models for slopes steeper than 25 degrees. This behavior, related with the change of the period of
maximum amplification when the geometry of the relief varies, should be investigated more in future works.
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4. The MDR values usually decrease from low-rise to high-rise height classes in case of the building
typologies selected, independent of the chosen topographic amplification model. However, for the M6.5
scenario, the MDR is equal or slightly higher for medium-rise and even high-rise buildings.

Finally, this work shows the differences that can be found when using different topographic amplification
relationships in ELE. Additionally, not always a higher slope can be related with a higher MDR (this is more
evident in the period-dependent relationship). As the fragility functions used are those for regular buildings
on flat terrain, it may happen that a higher seismic demand due to topography does not lead to a greater
damage. In any case, this is something to be investigated in future works.
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Fig. 6 — MDR for a scenario event of magnitude 5.5.
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Fig. 8 — MDR for a scenario event of magnitude 6.5.
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