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Preface

Earthquakes continue to be some of the natural phenomena that intrigue us. Civil 
engineers are usually attracted to structural earthquake analysis and design con-
forming to their consultancies and thus companies and researchers have advanced 
laboratory tests and software tools in the last decades. However, the quantification of 
earthquake ground motion is still in its infancy. This book, Earthquake Ground Motion, 
merges several fields of knowledge to improve the curricula for geoscientists and 
engineers. I believe that future education must be focused on connecting structural 
and seismology fields.

Earthquake Ground Motion is a result of the tireless efforts of twenty-three researchers 
from nine countries. It is organized into five sections and ten chapters.

Section 1, “Seismicity”, includes Chapters 1–4. In Chapter 1, Shutian Ma et al. present 
the rupture models and seismogenic structures of the Iran 2017 MW 7.3 earthquake. 
The chapter is written didactically, including new findings, as the high-velocity 
zones are over a low-velocity zone and the final validation for a shallow dipping fault 
rather than a steep one. In Chapter 2, Laura Peruzza et al. propose a tool for archiving 
macroseismic information about historical and instrumental earthquakes in three 
countries in Central America (Guatemala, El Salvador, and Nicaragua) based on the 
results of the RIESCA project. This chapter constitutes the first and primary source of 
information for researchers in the region. In Chapter 3, Giuseppe Pucciarelli presents 
the fundamentals of seismic tomography based on theoretical and practical examples. 
In Chapter 4, Albert Kafui Klu et al. describe the basic features of seismicity through 
tectonics and an earthquake catalog in Ghana. The chapter also includes a multichannel 
analysis of surface waves (MASW) to characterize the soils in the country.

Section 2, “Site Effects”, includes Chapters 5–7. Chapter 5 by Vincenzo Fioravante and 
Daniela Giretti presents the physical modeling of liquefaction in granular materials 
as a recompilation of past researchers focused on Italy’s earthquake cases. They offer 
results of tests at different scales, from cyclic triaxial tests to small-scale models in a 
centrifuge. They provide behavioral tools for predicting the liquefaction phenomenon 
and show the efficacy of vertical and horizontal drains as a liquefaction mitigation 
technique. Chapter 6 by Haeam Kim presents the site response in 2D and 3D, including 
topographic features and the effect of the soil structure interaction on the analysis 
based on a time history analysis. Chapter 7 by Prem Nath Maskey describes a probabi-
listic seismic hazard assessment considering the effects of surface geology on seismic 
motion in the Kathmandu Valley.

Section 3, “Infrastructure”, includes Chapter 8, in which Valeria Scapini and Cinthya 
Vergara study the impact of the 2010 Chilean earthquake considering the damage to 
homes, the cost of reconstruction, and how households finance reconstruction using 
a nonlinear probabilistic and a squares regression model.
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Section 4, “Tsunamis”, includes Chapter 9, in which Ali Akbar Firoozi and Ali Asghar 
Firoozi describes the genesis of earthquake tsunamis and non-seismic tsunamis. The 
chapter explores the influences of bathymetry and tectonic structures, particularly 
in the context of non-seismic tsunami generation.

Section 5, “Instrumentation”, includes the final chapter. In Chapter 10, Yanjun Chen, 
et al. review the use of gyroscopes in rotational seismology, including the observation 
and analysis of natural earthquakes, highspeed-railway seismology, and subsurface 
structure imaging.
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Chapter 1

The Source Rupture Models and
Seismogenic Structures of the Iran
2017 MW 7.3 Earthquake
Shutian Ma, Parisa Asgharzadeh and Dariush Motazedian

Abstract

The 12 November 2017 MW 7.3 Iran earthquake was further studied. By analyzing
Rayleigh-wave dispersion data, crustal models in the surrounding of the epicenter
were obtained. It was found that there are high-velocity layers over a low-velocity
zone. Using the obtained crustal models and a grid search procedure, the initial
rupture depth of about 16.4 km and the rupture propagation velocity of about
1.62 km/s were retrieved. The source rupture models were established using the
obtained rupture initial depth and the rupture velocity. The key features are as fol-
lows: The earthquake occurred on a shallow dip-angle fault, with ruptures spanning
high-velocity layers in a depth range of approximately 7–25 km. A noteworthy obser-
vation from comparing crustal and rupture models is the existence of a low-velocity
zone (layers) beneath the major rupture region (below about 25 km). It was realized
that the seismogenic structure of this earthquake showed that high-velocity layers lay
a low-velocity zone in the Zagros mountain seismic belt.

Keywords: 2017 MW 7.3 Iran earthquake, source rupture model, seismogenic
structure, Zagros mountain seismic belt, grid search method

1. Introduction

On 12 November 2017, a significant earthquake with a moment magnitude (MW)
of 7.3 struck the Iran-Iraq border region (Figure 1), causing widespread devastation
and loss. The seismic impact was felt as far away as the United Arab Emirates.
Tragically, the earthquake resulted in the loss of over 600 lives and injured more than
7000 individuals. Moreover, approximately 70,000 people were rendered homeless,
with around 12,000 homes destroyed and an additional 15,000 homes damaged.

The epicenter of this MW 7.3 earthquake was located in the northwest part of the
Zagros mountain range. The Zagros Mountains span southwestern Iran, extending in a
northwest-southeast direction from the border areas of eastern Turkey and northern
Iraq to the Strait of Hormuz. These mountains were formed through the ongoing
collision between the Arabian plate and Central Iran, which began in the
Miocene period [1].
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This MW 7.3 earthquake is one of the most significant instrumentally recorded
earthquakes in the Zagros region, generating substantial interest among researchers.
For instance, Barnhart et al. [4] employed interferometric synthetic aperture radar
(InSAR) to analyze co- and post-seismic surface displacements, employing a fault
inversion approach to determine permissible geometries, locations, and slips. Their
findings indicated that the earthquake ruptured the shallow-dipping (14°–19°)
Mountain Front Fault (MFF) within the Arabian crystalline basement at depths of

Figure 1.
Background map depicting various elements related to the 2017 MW 7.3 earthquake study. The beach balls show
the projections of the focal mechanisms for four large earthquakes: The 10 October 2011 Turkey MW 7.1; the 12
November 2017 Iran MW 7.3; the 6 February 2023 Turkey MW 7.8; and the 6 February 2023 Turkey MW 7.5
earthquakes (the used data were retrieved from http://ds.iris.edu). The arrows with letter P indicate the direction
of compressive force. The yellow dashed line running through the beach ball indicated with M7.3 illustrates the
strike of the shallow-dipping nodal plane. The solid circles show the epicenters of earthquakes with magnitude ≥5,
occurred between the 1 January 2000 and the 12 July 2023 (retrieved from http://ds.iris.edu). The long dashed
lines show the 15 Rayleigh wave paths, used to obtain the crustal models in this article. The four triangles connected
with the paths are the stations used to measure Rayleigh-wave dispersion data. The epicentral trend near and on
the M7.3 beach ball shows the distribution of aftershocks that occurred within 1 month following the mainshock.
The trend closely aligns with the strike direction. The 2017 MW 7.3 earthquake occurred in the northwest of the
Zagros mountain range [2]. This figure was created using the generic mapping tools [3].
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approximately 12–22 km. Other researchers have also utilized InSAR techniques to
study this MW 7.3 earthquake (e.g., [2]).

The United States Geological Survey (USGS) has provided preliminary finite fault
results for this earthquake. More than 10 papers have been published on or related to
this earthquake (e.g., [2, 5–8]).

However, given the varied strengths and weaknesses of existing findings, we were
motivated to employ a waveform inversion method to retrieve more plausible source
rupture models and surface wave dispersion data to retrieve crustal models in the
epicentral region. Given the tectonic activity in the region, it is crucial to study this
earthquake and the crustal structures in the epicentral region to enhance tectonic
research and improve seismic hazard assessment.

In this article, we present the following: (1) introductions to the crustal modeling
method, source rupture inversion method, and the grid search method; (2) the aver-
age crustal model obtained through the analysis of Rayleigh wave dispersion data in
the epicentral region; (3) the initial rupture depths and rupture propagation velocities
derived using a grid search procedure; (4) the source rupture models obtained by
using shallow-dipping nodal planes and the identification of the active fault associated
with the earthquake; and (5) the exploration of the seismogenic structure, which
potentially reveals high-velocity crustal layers over a low-velocity zone in the Zagros
mountain seismic zone.

2. Method introduction

In this article, three methods were used: crustal model retrieval using Rayleigh-
wave dispersion data, source rupture model inversions, and a grip search procedure.

2.1 Crustal velocity modeling method

The crustal velocity model utilized in this study was obtained using a Rayleigh
wave dispersion method. The method consists of two steps: (1) measuring the
Rayleigh-wave group velocities and (2) modeling Rayleigh-wave dispersion data to
extract S-wave velocities.

2.1.1 Measurement of Rayleigh-wave group velocities

Seismograms often exhibit prominent surface wave trains. These surface waves
have different frequency components, and waves with different frequencies travel at
different speeds, a phenomenon known as dispersion. As these surface waves propa-
gate through the Earth, their amplitudes decay exponentially with depth. As a result,
seismograms recorded at surface stations contain valuable information about the
Earth’s structure. Rayleigh waves are generated by P and S waves, thus, S-wave
velocity structures can be retrieved by analyzing Rayleigh-wave dispersion.

We measured the group velocities for the selected records using the multiple filter
technique (MFT) developed by Dziewonski et al. [9]. A computer program developed
by Herrmann and Ammon [10], was employed to implement the MFT method. In this
technique, the group time for a specific frequency ωn was determined as the time
when the envelope of the filtered seismic record, as defined by Eq. (1), reaches its
maximum. This time, regarded as the center of the Gaussian filter, is used to calculate
the group velocity by dividing the epicentral distance by the group time.
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hn ωn, t, rð Þ ¼
ð∝

�∝

F ωð Þj je�α ω�ωn
ωnð Þ2 cos k ωð Þr� ωt½ �dω (1)

where F ωð Þ is the Fourier transform of the analyzed record, e�α ω�ωn
ωnð Þ2 is a Gaussian

window function, k(ω) is the wave number, and r is the epicentral distance.
The envelope of the filtering Rayleigh wave record can be computed using the

formula proposed by Båth [11]:

gn tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2n ωn, tð Þ þ h

2
n ωn, tð Þ

q
(2)

where h ωn, tð Þ is the Hilbert transform of hn ωn, tð Þ [9]. Herrmann and Ammon [10]
introduced the formulas they used in their programs’ manual.

2.1.2 Modeling Rayleigh wave dispersion data for S-wave velocities

After obtaining Rayleigh-wave dispersion data at a particular seismic station, we
can utilize these data to model the S-wave velocities along the path traversed by the
Rayleigh waves.

The initial step involves establishing an initial crustal model and then the model is
revised by comparing the observed dispersion with the predicted dispersion generated
using the crustal model. The inversion is in fact to identify a revised model that best
fits the observed data.

In our inversion process, we assumed that δU ωkð Þ was the group velocity
difference between the observed and synthetic waveforms at frequency ωk,
the crustal model had N horizontal layers on the top of a half-space, and the
S-wave velocity is βn in the nth layer (n is the index for the layer). The difference
at frequency ωk (k = 1, … , M) could then be approximated using the following
formula:

δU ωkð Þ ¼ ∂U ωkð Þ
∂β1

δβ1 þ
∂U ωkð Þ
∂β2

δβ2 þ … þ ∂U ωkð Þ
∂βN

δβN (3)

The partial derivatives ∂U ωkð Þ
∂βn

(n = 1, 2, … , N) were calculated using the formula
proposed by Rodi et al. [12]:

∂U ωkð Þ
∂βn

¼ U ωkð Þ
C ωkð Þ 2�U ωkð Þ

C ωkð Þ
� �

∂C ωkð Þ
∂βn

þ ωk
U2 ωkð Þ
C2 ωkð Þ

∂

∂ω

∂C ωð Þ
∂βn

� �
(4)

where C ωkð Þ is the phase velocity. C ωkð Þ, U ωkð Þ, and ∂C ωkð Þ
∂βn

were obtained using

standard Thomson-Haskell matrix calculations, and ∂

∂ω
∂C ωð Þ
∂βn

� �
were obtained by

numerically differentiating ∂C ωkð Þ
∂βn

(Rodi et al., [12]).

If we letm = (δβ1, δβ2, … , δβN), d = (δU ω1ð Þ, δU ω2ð Þ, … ,δU ωMð Þ, and Gk,n =
∂U ωkð Þ
∂βn

(k = 1, 2, … , M; n = 1, 2, … , N), we obtained a linear equation:

D ¼ Gm (5)
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After solving this equation, we obtained a set of corrections to the S-wave veloci-
ties in the N layers (δβ1,δβ2, … , δβN). We could form a new model by assigning the S-
wave velocity in the nth layer, βn_new ¼ βn þ δβn. The above steps were repeated if this
new model could not generate a satisfied synthetic dispersion curve. The methods to
solve Eq. (5) were extensively studied and used (e.g., [13–15]). We use the sur96
program in the package [10] to obtain our solutions.

As for the theoretical background and the technique of Rayleigh wave dispersion
inversion, except for the above introduction, the pioneering work by Haskell [16],
Dorman [17], and Dorman and Ewing [18] provide valuable references.

2.2 The source rupture modeling method

The procedure used to establish an earthquake rupture model is described below.
One of the two nodal planes is used as the earthquake rupture plane, and a Cartesian
coordinate system is set up on this plane. Usually, the x-axis is along the strike
direction, and the y-axis is along the dipping direction. The selected rupture plane is
divided into many small rectangles where the length of each small rectangle along the
x-axis is dx and along the y-axis is dy. Each small rectangle is called a sub-fault and is
treated as a point source. At a specific station, a synthetic seismogram is the summa-
tion of the synthetic seismograms generated by all rectangle sources. The source time
function of all the sub-faults is usually depicted as overlapped triangles. The layout of
the source rupture model can be found in Hartzell and Heaton [19]. A unit constant
rupture slip vector for each sub-fault can be divided into two orthogonal vector
components (one aligned along the strike and the other aligned along the dip direc-
tion). At a specific station, each component can be used to calculate a synthetic
seismogram called Green’s function. Any slip vector on the sub-fault can be obtained
by multiplying the two constant vector components with appropriate coefficients. An
inversion aims to obtain the coefficients of all the sub-faults from the observed
seismograms to establish the rupture model for the earthquake.

Once a nodal plane is selected as the rupture plane, it is divided into M � N sub-
faults. The slip function (source time function) of each sub-fault is depicted by
overlapped L triangles with a rise time τ, which is half the length of the bottom side of
the triangle. The initial constant unit slip direction (slip0) of each sub-fault is obtained
through the moment tensor solution. The initial slip is separated into two components
in the directions of (slip0 + 45°) and (slip0 � 45°). This breakdown is convenient for
Green’s function calculations.

Assuming that on a sub-fault mn (m = 1, ���, M; n = 1, ���, N) at the kth component
direction (k = 1, 2), the slip corresponding to the lth triangle is Xmnlk, and the vertical
components of the Green’s functions generated at Station j are gmnkj, and then the
vertical component synthetic seismogram Wj at the station generated by all sub-faults
at the time point ti can be expressed as follows:

Wj tið Þ ¼
X
mnlk

Xmnlk gmnkj ti � l� 1ð Þτ � Tmn � dlmnð Þ (6)

where Tmn is the rupture start time at the mnth sub-fault, and dlmn is a time delay
generated by the different travel path lengths between the P waves generated at the
mnth sub-fault and the rupture start sub-faultm0n0 (hypocenter). The set of Xmnlk that
can generate aWj,which is most similar to the observed seismogram at Station j, is the
best fitting rupture model for the earthquake.
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The Eq. (6) was solved using the nonnegative least squares (NNLS) method [20]. To
ensure stability in the slip solution, a smoothness constraint was imposed on the spatial
distribution of the total slips using a Laplacian differential operator [21]). To calculate
the time delay dlmn in Eq. (6), a rupture velocity is required. Additionally, to compute
Green’s functions, a reasonable initial focal depth and a crustal model are necessary.

2.3 Grid search method

A Grid Search is an optimization algorithm commonly used in various research
fields. It is beneficial for selecting the best parameter values to optimize a model or
solve a problem. The Grid Search helps identify the optimal parameter values that
yield the best results by systematically evaluating the model’s performance across all
possible parameter combinations.

Grid searches are particularly effective when the parameter space is not too large
or when the relationship between the parameters and the model’s performance is
poorly understood. However, they can be computationally expensive when dealing
with many parameters or when the parameter space is extensive.

Let a model parameter vector V = (ν1, ν2, … , νm), and an objective function f = f
(V). A simple way to set up a grid search consists in defining a vector of lower bounds
a = (a1, a2, … , am) and a vector of upper bounds b = (b1, b2, … , bm) for the vector V.
The grid search involves taking n equally spaced points for each component. All the
objective function values at each grid point are calculated and compared. Pick up the
vector that corresponds to the minimum (or maximum, depending on how to define
the objective function) of the objective function as the solution.

The problem with this method is that the number of evaluations increases expo-
nentially as n and m increase. Because we cannot reduce m, decreasing n is the only
possible way of assuring that the evaluation process stops in a reasonable time, but this
decreases the validity of the solution. For specific situations, some vector components
may need dense spacing, some not; as such, the spacing number n may differ for
different vector components. In our case, V = (ν1, ν2); ν1 is the source rupture initial
depth, whereas ν2 is the rupture travel velocity.

3. Data for the source rupture inversions and the Rayleigh-wave
dispersion inversion

The data used for the source rupture inversions are P-wave segments in the
teleseismic waveform vertical records. These records contain valuable information
about the earthquake source. The waveform records were downloaded from the
Incorporated Research Institutions for Seismology (IRIS) database. Specifically,
records within an epicentral distance of 30°–90° surrounding the epicenter were
selected for analysis. Only the high-quality P-wave segments were considered in the
analysis to ensure high signal-to-noise ratios. The selected records underwent an
instrument response correction to account for the recording instrument’s characteris-
tics. Additionally, a band-pass filter with frequencies ranging from 0.01 to 0.1 Hz
(equivalent to periods of 10–100 s) was applied to the records. The resulting dataset
used for the source rupture inversion comprised 52 records.

The digital waveform records generated by moderate earthquakes around the MW

7.3 main shock, registered at regional seismic stations, were first retrieved from IRIS.
Then, the instrument responses were removed, and they converted the velocity
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records into displacement records using the SAC2000 software [22]. After conducting
spectral analysis on the waveform records, it was found that the strong amplitudes
were within periods of approximately 2–40 s. Therefore, a band-pass filter (1–50 s)
was applied to the records. Once the displacement records were obtained, those that
clearly displayed Rayleigh waves within the period range of interest were selected for
the dispersion data measurements.

4. Crustal velocity models in the MW 7.3 epicentral region

The P-wave segments generated by a crustal earthquake, recorded at a teleseismic
station, contain the direct P wave radiated from the earthquake source, the reflected
wave pP, and the S-wave converted P wave sP. To generate Green’s functions at
teleseismic stations, an earth model is required. In our study, we formed an earth
model by replacing the crustal part in the preliminary reference Earth model (PREM;
[23]) with the crustal model obtained from Rayleigh-wave dispersion data.

At some stations, the Rayleigh waves generated by moderate earthquakes were
strong enough to measure surface wave dispersion data. We retrieved waveform
records from IRIS and selected 15 clean Rayleigh wave vertical records. Figure 1
shows the 15 Rayleigh wave travel paths, connecting the four stations and the nine
epicenters of the selected moderate earthquakes. These travel paths pass through the
epicenter region of the MW 7.3 earthquake.

Once a group dispersion curve of a waveform record was measured at a given
station, it is used to determine an average 1-D S-wave velocity model along the source
station path. The P-wave velocity and density are obtained by converting the S-wave
velocity model using a Poisson ratio (Vp/Vs = 1.732) and the Nafe-Drake relation [24].

Fifteen crustal velocity models were retrieved around the epicenter of the MW 7.3
mainshock, and an averaged crustal model was obtained. The average model was
simplified from 20 layers to 7 to expedite the calculation time for Green’s function.

Figure 2.
This figure displays the average crustal velocity model obtained using Rayleigh-wave dispersion data from 15
Rayleigh wave travel paths. The two thick lines represent the final average crustal velocity model. The two thin
lines represent the initial model. The Rayleigh wave travel paths used for the dispersion data are those shown in
Figure 1.
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Figure 2 depicts the simplified crustal model. The model parameters are listed in
Table 1. This model was utilized for the calculation of Green’s functions. For more
details on the utilization of Rayleigh-wave dispersion data for retrieving crustal
models, refer to the following studies: Dziewonski et al. [9], Herrmann and Ammon
[10], and Motazedian and Ma [25]).

In the table, column ΔH represents the layer thickness (km), Vp represents the P-
wave velocity (km/s), Vs represents the S-wave velocity (km/s), and density (g/cm3).
They are listed from top to bottom in Figure 2.

5. Source rupture models

In this section, we introduce the source rupture models obtained.

5.1 Selection of the rupture plane from the two nodal planes

Selecting a rupture plane from the two nodal planes is necessary when establishing
a source rupture model. Typically, the distribution of aftershocks can be used to
determine the rupture plane. In Figure 1, the smaller solid circles within and nearby
the beach ball indicated by M7.3 represent the distribution of moderate aftershocks
that occurred within 1 month after the main shock. The distribution trend aligns
closely to the strike direction (351°) of nodal Plane 1 (the shallow-dipping plane).
Thus, nodal Plane 1 was selected as the rupture plane.

5.2 The determination of the initial rupture depth and the rupture velocity

An initial rupture depth and a rupture propagation velocity are required to conduct
the source rupture process inversion. A grid search scheme was employed to obtain
reasonable values for these parameters. The depth range from 14.0 km to 21.0 km
with an increment of 0.5 km was set, whereas the range for rupture velocity was from
1.40 km/s to 1.80 km/s with an increment of 0.05 km/s. At each grid point, the source
rupture inversion was performed using the inversion code developed by Kikuchi and
Kanamori, provided by Lingling Ye (personal communication). To speed up the
calculations of the Green’s functions, we made some revisions to the code. The average
variance from all the utilized records in each grid point (each inversion) was recorded.

ΔH Vp Vs density

8.0 5.3075 3.0656 2.5615

6.0 5.4695 3.1557 2.5941

3.0 5.6423 3.2551 2.6290

6.0 5.9186 3.4167 2.6861

3.0 5.7640 3.3283 2.6526

10. 5.4377 3.1405 2.5877

4.0 6.4516 3.5985 2.8356

0.0 6.8496 3.8205 2.9480

Table 1.
The simplified average crustal model.
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This variance represents the fit between the synthetic seismograms generated by the
retrieved rupture model and the observed seismograms. A smaller variance
value indicates a better fit. A total of 135 variance values were obtained from 135 grid
points.

The contour map (Figure 3) illustrates the variance value changes with respect to
the initial rupture depth and the rupture velocity. In the search procedure, the
shallow-dipping nodal plane obtained by USGS (strike/351°, dip/16°, and rake/137°)
was used. Two minima were found. One is at the rupture velocity of 1.47 km/s and an
initial depth of 18.9 km (1.47, 18.9); its variance value is 0.1264. The second minimum
is at (1.61, 16.4); its value is 0.1269.

5.3 Retrieving rupture models using the obtained minima

With the initial rupture depths and rupture velocities at the two minima, we
retrieved two rupture models for the MW 7.3 earthquake. Figure 4 displays the
comparison between the rupture distributions obtained using the two minima. The
upper panel shows that there are four rupture patches. The phenomenon that one
earthquake has four separated patches may not easily occur naturally. The bottom

Figure 3.
The contour map of variance values. At a specific point on the map, the color of a pixel shows the variance value at
that point. A deeper color shows smaller variance value. The color bar at the right side shows the variance values
represented by colors. A variance value shows the fit between the observed and the synthetic seismograms. The
smaller the value, the better the fit. This map depicted the changes in variance values with the rupture’s initial
depth and rupture propagation velocity. When the shallow nodal plane provided by the United States geological
survey (USGS) was used as the rupture plane (strike/351°, dip/16°, rake/137°) to perform the grid search
procedure, two minima were found (two small circles). One is at the rupture velocity of 1.47 km/s and the initial
depth of 18.9 km (1.47, 18.9); its variance value is 0.1264. The second minimum is at (1.61, 16.4); its value is
0.1269. The second minimum is our preferred solution.
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panel shows that two patches combined to form a larger prolate patch, indicated by
letter A. This shape is similar to the shapes obtained by Nissen et al. ([2]; their Figure 5).
For the same earthquake, the rupture models obtained using different methods should
be similar. From this common sense, we prefer to take the bottom panel of Figure 4 as
our solution.

Figure 5 compares seismograms at 24 stations, generated using the rupture model
in Figure 4(b). The fit between the observed (upper) and synthetic (bottom) traces is
generally good. For brevity, the comparison for the remaining 28 stations is not
provided; the waveform fit at those stations is similar to those shown in Figure 5. This
figure allows for a visual comparison between the observed and synthetic waveforms,
highlighting the agreement or discrepancies between the recorded and the simulated
waveforms based on the obtained slip distribution. It provides, to some extent,
insights into the modeling approach’s accuracy and the simulated waveforms’ fidelity
in capturing the actual earthquake’s characteristics.

Figure 4.
The comparison between the rupture distributions obtained using different minima. (a) the rupture distribution
obtained using the USGS shallow-dipping nodal plane (strike/351°, dip/16°, rake/137°) at the minima (rupture
velocity of 1.47 km/s, initial depth of 18.9 km). The star (*) marked with SP denotes the rupture start point. Four
red areas show four rupture patches. The dashed circles represent the rupture fronts at specific time intervals,
indicated as 10 (s), 20 (s), and so on. (b) the rupture distribution using the same nodal plane at the minima
(rupture velocity of 1.61 km/s, initial depth of 16.4 km). One larger rupture area, indicated by letter A, was
obtained.
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5.4 Rupture models retrieved using nodal planes obtained by other authors

We also utilized shallow-dipping nodal planes obtained by other authors. First, we
show the results in detail using the nodal plane provided by Nissen et al. [2] as the
rupture plane; then, list the key results using the nodal planes provided by other
authors. The contour map in Figure 6 shows variance value changes obtained using
the nodal plane (strike/353.7°, dip/14.3°, rake/136.8°) provided by Nissen et al. [2].
Three minima were found. In the deeper colored region, the rupture velocity range is
about 1.45–1.75; the initial depth range is about 15–19 km.

Three rupture models were generated using the above three minima (Figure 7). The
upper panel shows the rupture distribution obtained using the nodal plane (strike/
353.7°, dip/14.3°, rake/136.8°; Nissen et al. [2]) at the minimum (rupture velocity
1.62 km/s, initial depth 18.2 km). Several rupture patches were obtained. The middle
panel shows the rupture distribution using the same nodal plane at the minimum
(1.61 km/s, 16.1 km). One larger prolate rupture area, indicated by letter A, was
obtained. The bottom panel shows the rupture distribution using the same nodal plane
at the minimum (1.60 km/s, 17.2 km). One larger, oval rupture area, indicated by letter
A, was obtained. The rupture distributions retrieved using different methods for the
same earthquake should be similar. Because the rupture distribution in Panel (b) was
similar to those obtained by Nissen et al. [2], so, we preferred to select Figure 7(b).

Figure 5.
The comparison between the first 24 observed and synthetic seismograms. For each pair the upper trace (solid line)
represents the recorded waveform, whereas the lower trace (dashed line) represents the synthetic waveform
generated using the slip distribution depicted in Figure 4(b). Both the observed and synthetic waveforms were
filtered with a band-pass filter, ranging from 0.01 to 0.1 Hz. The symbols and numbers on the left side of each pair
indicate the station name, the P-wave vertical component, the station azimuth in degrees, and the ratio between the
observed and synthetic maximum amplitudes. Among all the 52 waveform records used in the inversion, the
poorest ratios were observed at stations SACV (0.64) and BBSR (1.32). They show the most discrepancies between
the observed and synthetic waveforms. To save page space, the remaining 28 records were not shown up. The fit
quality is similar to those displayed.
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Other authors have also retrieved rupture planes for the 2017 MW 7.3 Iran earth-
quake. The key results obtained using their nodal planes for preferred minima are
listed in Table 2.

In the table, the initial rupture depths (km, i.d.) and the rupture velocities
Vr (km/s) were measured on a computer screen. The major slip (m. s.) depth (km)
means the centre depth of the major rupture patch, visually estimated. L.P. means
long period; B. W. means body waves; St. NP means Steep nodal plane. The other
parameters are understandable.

6. A rupture model retrieved using a steep nodal plane as the
rupture plane

All the previous models were obtained using shallow-dipping nodal planes as the
rupture plane. This section presents the modeling results obtained using the same
procedure but with a steep-dipping nodal plane.

Figure 8 displays the contour map depicting the variance values. In the search
procedure, the steep-dipping nodal plane by The Global Centroid Moment Tensor
(GCMT) (strike/121°, dip/83°, and rake/82°) was used. The small circle represents the
obtained minimum variance value (0.1535), occurred at a depth of approximately
15.4 km and a rupture velocity of about 1.62 km/s. Figure 9 illustrates the slip
distribution on the steep-dipping nodal plane. Several rupture patches were scattered

Figure 6.
The contour map of variance values. When the nodal plane (strike/353.7°, dip/14.3°, rake/136.8°) provided by
Nissen et al. [2] was used as the rupture plane, three minima were found (the small circles). One minimum is at
the rupture velocity 1.62 km/s and the initial depth 18.2 km (1.62, 18.2); its variance value is 0.1199. The second
is at (1.61, 16.1); its value is 0.1194. And the third is at (1.72, 16.0); its value is 0.1211. The second minimum is
our preferred solution.
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within a 5–70 km depth range. Figure 10 compares the first 20 observed and synthetic
seismograms generated using the rupture model shown in Figure 9. The poorest ratio
occurred at station CMLA, with a ratio of 0.52.

Figure 7.
The comparison between the rupture distributions obtained using different minima. (a) the rupture distribution
obtained using the nodal plane (strike/353.7°, dip/14.3°, rake/136.8°) provided by Nissen et al. [2] at the
minimum (rupture velocity of 1.62 km/s, initial depth of 18.2 km). The star (*) marked with SP denotes the
rupture start point. Several rupture patches were obtained. (b) the rupture distribution using the same nodal plane
at the minimum (1.61 km/s, 16.1 km). One larger prolate rupture area, indicated by letter A, was obtained. (c)
the rupture distribution using the same nodal plane at the minimum (1.60 km/s, 17.2 km). One larger, oval
rupture area, indicated by letter A, was obtained. The rupture distribution (b) was our preferred solution.
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This test demonstrates that the minimum variance value (0.1535) obtained using a
steep-dipping nodal plane was notably larger than those obtained using shallow-
dipping planes (Table 2). One major rupture patch was as deep as more than 60 km

Authors data Strike
(°)

Dip
(°)

Rake
(°)

i.d. Vr va m. s.
depth

USGS L. P. 351.0 16.0 137.0 16.4 1.61 0.1269 14

GCMT L. P. 351.0 11.0 140.0 16.4 1.59 0.1153 16

Nissen et al. [2] B. W. 354.0 17.0 142.0 16.3 1.65 0.1268 13

Nissen et al. [2] InSAR 353.7 14.3 136.8 16.1 1.61 0.1194 14

Barhart et al. [4] InSAR 351.0 15.0 128.0 16.6 1.65 0.1258 14

Vajedian et al. [5] InSAR 354.4 17.5 141.5 16.5 1.65 0.1278 14

Feng et al. [6] InSAR 353.5 14.5 135.6 16.4 1.60 0.1210 14

Ding et al. [7] InSAR 354.7 16.3 137.3 16.1 1.63 0.1249 14

Chen et al. [8] InSAR 351.0 15.0 135.0 16.5 1.62 0.1235 14

Average 352.7 15.2 137.0 16.4 1.62 0.1235 14

GCMT St. NP 121. 83. 82. 15.4 1.62 0.1535 18

Table 2.
The rupture plane parameters by different authors and the key rupture parameters.

Figure 8.
The contour map of variance values. When the steep-dipping nodal plane (strike/121°, dip/83°, rake/82°)
provided by GCMT was used as the rupture plane, one minimum variance at the rupture velocity was 1.62 km/s
and the initial depth of 15.4 km was found; its variance value is 0.1535.
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(Figure 9), which is beneath the crust. It is impossible for thisMW 7.3 crustal event to
have a major rupture patch beneath the crust. Therefore, the steep-dipping nodal
plane could be ruled out to be the rupture plane.

7. The seismogenic structure of the 2017 MW 7.3 Iran earthquake

The 2017 MW 7.3 Iran earthquake occurred along the boundary between the Ara-
bian and Eurasian plates in the Zagros mountain seismic zone (e.g., Nissen et al., [2]).
The compressive force in the epicentral region is oriented northeastward (Figure 1),
approximately perpendicular to the trend of the Zagros Mountains. In the epicentral
region, a low-velocity zone exists from a depth of about 25 km to approximately 36 km
beneath a high-velocity zone (Figure 2). The materials in the low-velocity zone are
considered to be ‘soft,’ whereas stress accumulates in the ‘hard’ layers (high-velocity
zone) at depths of about 7–25 km. When the stress strength in the ‘hard’ layers
becomes strong enough, the crust in that region undergoes breakage, resulting in the
MW 7.3 earthquake. The source rupture modeling presented in Figure 4(b) and
Figure 7(b) indicates that the ruptures occurred within a depth range of about 7–
25 km, consistent with the depth range of the ‘hard’ layers. This suggests that the

Figure 9.
The distribution of the slip on the GCMT steep dip nodal plane (strike/121°, dip/83°, rake/82°). The star (*)
marked with SP indicates the rupture start point at depth of 15.4 km. Multiple patches along the rupture plane
were scattered at depths ranging from approximately 5–70 km. The rupture velocity of 1.62 km/s was used in the
inversion.
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seismogenic structure of the 2017 MW 7.3 earthquake possibly involves the
high-velocity layers overlying the low-velocity layers along a significant seismic
activity belt.

Overall, the modeling results introduced above indicate that the seismogenic
structure of the 2017 MW 7.3 earthquake likely involves the interaction between high-
velocity layers and low-velocity layers along a seismic activity belt. The rupture
models obtained using different shallow-dipping nodal planes consistently showed
rupture patches distributed within the depth range of the high-velocity layers,
reinforcing the correlation between the seismic activity and the properties of the
subsurface layers.

8. Conclusions

The source rupture models of the 2017 MW 7.3 Iran earthquake were established,
and the crustal model in the source region was constructed. The ruptures obtained
using different shallow-dipping nodal planes provided by different authors showed
similar trends. The optimal initial rupture depths were about 16.4 km, and the rupture
velocities were around 1.62 km/s. The rupture models retrieved using those shallow-
dipping nodal planes exhibited rupture patches distributed within a depth range of
about 7–25 km.

Unlike the common practice that the rupture’s initial depth and the rupture veloc-
ity are assumed or by trade-and-errors when the rupture modeling is performed, we
used the grid search method to determine the optimal initial depth and rupture
velocity. For each nodal plane used as the rupture plane, two or three minima formed
by the initial depth and the rupture velocity were found. One minimum was selected

Figure 10.
The comparison between the first 20 observed and synthetic seismograms. For each pair the upper trace represents
the recorded waveform, whereas the lower trace represents the synthetic waveform generated using the slip
distribution depicted in Figure 9. Among all the 52 waveform records used in the inversion, the poorest ratios were
observed at stations CMLA (0.52) and ADK (1.23). To save page space, the remaining 32 records were not shown
up; the fit quality is similar to those displayed. The variance value is 0.1535.
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by analyzing the shapes of ruptures and comparing the solutions obtained by other
authors for the same earthquake. If solutions from other authors for the same earth-
quake are not available at the moment, we do not have an effective way to select the
best minima.

To validate the selection of the shallow-dipping nodal plane as the rupture plane,
we tested a steep-dipping nodal plane as the rupture plane. The test revealed that
the minimum variance (0.1535) was obviously larger than that (� 0.1235) achieved
using the shallow-dipping nodal planes. The worst maximum amplitude ratio
between observed and synthetic data was 0.52 at station CMLA, a significant devia-
tion from the ideal ratio of 1.0. In contrast, when the shallow nodal plane was
employed as the rupture plane, the worst maximum amplitude ratio was 0.64. The
rupture distribution associated with the steep-dipping nodal plane also exhibited a
scattered pattern ranging from approximately 5–60 km in depth. As a crustal event,
the ruptures less likely occurred beneath the crust. Based on the above discussion, it
can be concluded that the selection of the shallow nodal plane as the rupture plane
was justified. This test also indicates that modeling two nodal planes for the 2017 MW

7.3 earthquake facilitated the identification of the most likely rupture plane. However,
it is important to note that for other earthquakes, the rupture plane may not be
discernible through modeling two nodal planes, as demonstrated by Motazedian
and Ma [26].

Barnhart et al. [4] used InSAR observations of both the co-and post-seismic dis-
placement to image the MW 7.3 earthquake sequence. They implemented an iterative
fault-slip inversion approach designed to elucidate the geometry and location of faults
associated with this sequence. They found that InSAR observations are best described
by co-seismic slip on a shallow-dipping (15–19°) plane that dips eastward at depths of
12–22 km. The rupture plane we identified was the shallow-dipping plane. The depth
range of the major rupture we obtained (Figure 4b) was consistent with that obtained
by Barnhart et al., [4].

The compressive force in the epicentral region is in the northeast direction. The
epicentral region has a low-velocity zone under a high-velocity zone. This feature was
displayed by the crustal models retrieved using the Rayleigh-wave dispersion data
(Figure 2). The stress is accumulated in the ‘hard’ layers (high-velocity layers) above
the ‘soft’ zone (low-velocity layers). When the accumulated stress is strong enough in
the ‘hard’ layers, the crust there had to be broken, leading to the occurrence of this
MW 7.3 earthquake. Based on results obtained using several shallow-dipping nodal
planes as the rupture planes, we conclude that the 2017 MW 7.3 Iran earthquake
occurred on a shallow-dipping fault at a depth range from about 7–25 km in the high-
velocity layers over a low-velocity zone; the initial rupture depth was about 16.4 km,
and the rupture propagation velocities were about 1.62 km/s. The central depths of the
major ruptures were about 14 km.

The features exhibited by Figure 2 were also supported by the Love-wave disper-
sion inversion. The related article will be published. The factors leading to the uncer-
tainty in the crustal model are multiple. One of them is the uncertainty in the
measured dispersion data. It turned out that this uncertainty did not change the
crustal features retrieved using the Rayleigh-wave dispersion data [27].

The epicenter of the 2017 MW 7.3 earthquake is in the Lurestan arc region (e.g.
Nissen et al., [2]). In the Lurestan arc region, the depth to the magnetic basement
from spectral analysis of aeromagnetic data is about 16 km [28]. The initial rupture
depth we retrieved is about 16.4. This may imply that the earthquake nucleated at the
bottom of the basement.
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Viewing this MW 7.3 earthquake in a larger background, it can be seen that it is
located in the boundary region between the Arabian Plate and the Eurasian Plate
(Figure 1). Other large earthquakes also occurred in this corner region: 2011 MW 7.1;
2023 MW 7.8, and MW 7.5 Turkey earthquakes. The time intervals between the 2011
Turkey MW 7.1 and 2017 Iran MW 7.3, 2017 Iran MW 7.3 and 2023 Turkey MW 7.8 and
MW 7.5 are about 6 years. The compressive forces were at a similar direction for the
MW 7.1 andMW 7.8; they were at another similar direction for theMW 7.5 andMW 7.3.
The locations, intervals, and forces of large earthquakes are another topic. Here, we
only mention the above phenomena.

Nissen et al. [2] estimated that the rupture velocity of this 2017MW 7.3 earthquake
is about 1.5–2.0 km/s, whereas the rupture velocity we obtained is about 1.62 km/s.
These velocity values are at the lower end of the range of rupture velocities observed
in large earthquakes globally (e.g., Chounet et al., [29]).

The grid search method was used to look for the optimal values of the rupture
velocity and the rupture’s initial depth. We found that for each nodal plane used as a
rupture plane, two or three minima appeared. It is crucial to consider the unique
characteristics of each seismic event. Further investigations into the phenomenon of
multiple minima and improved methodologies for rupture plane determination
will advance our understanding of earthquake source characterization and hazard
assessment.

By source rupture modeling and crustal velocity modeling, the 2017 MW 7.3 Iran
earthquake occurred in the high-velocity layers over a low-velocity zone along the
boundary between the Arabian plate and the Eurasian plate within the seismic
zone of the Zagros. This finding highlights the significance of the seismogenic struc-
ture in earthquake occurrence and contributes to our understanding of the
earthquake processes in the region, providing valuable insights for future seismic
hazard assessments.
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Abstract

In 2019, we released a prototype version of an online tool called MARCA-GEHN 
that combines an earthquake catalog and a macroseismic archive for a Central 
American (CA) sector, which was realized as part of an international project between 
Italy and four CA countries (Guatemala, El Salvador, Honduras, and Nicaragua). 
The aim was to build a transnational, common, quality-controlled archive of mac-
roseismic observations capable of documenting and updating the parameters of the 
main earthquakes recorded in the international historical and instrumental catalogs. 
Collecting the original documents, critically revising them, and organizing them 
in a public, open data format is a long, potentially endless process. Thanks to past 
experience in Europe and the additional efforts of the local CA scientific communi-
ties, MARCA-GEHN was updated in 2023. The current database contains about 70 
earthquakes with intensities observed at the sites, about 2200 intensity points related 
to more than 1100 locations. This archive can help improve information on past and 
current earthquakes, and it is a powerful tool for constraining the seismic sources, 
a key element of hazard and risk analyses. We briefly present the structure of the 
archive, the shortcuts for the queries, some results obtained so far, and potentialities 
for the future.

Keywords: MARCA-GEHN, macroseismic intensities, El Salvador, Guatemala, 
Honduras, Nicaragua, earthquake catalog, Central America

1. Introduction

Central America is one of the most prone and vulnerable areas in the world to 
earthquakes, which have caused casualties and high economic and social damage 
since ancient times. The culture of “risk” necessarily occupies an important place for 
Central American governments, along with the attempt to regionalize protection and 
mitigation, especially due to the pressure of events that are often difficult to manage 
due to their intensity and territorial dimensions.

Knowledge of previous earthquakes in an area is the starting point for any seismic 
hazard and seismic risk assessment. Both methodological approaches, estimating 
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seismic hazard by probabilistic methods and models or by deterministic earthquake 
scenarios, are mainly based on parametric earthquake catalogs; they derive from 
quantitative measurements of instrumental seismology and qualitative assessment of 
macroscopic impacts or damages caused by earthquakes, a research area of macroseis-
mology. The short time span covered by instrumental seismic data (about a century) 
may not be sufficient to adequately reconstruct the seismic behavior of a country, and 
to fill this gap it is necessary to obtain non-instrumental information from historical 
sources. On the other hand, macroseismology is concerned with the parameteriza-
tion of earthquakes-that is, the definition of time of occurrence, location, depth, 
and magnitude-through the collection and mapping of witness reports of felt earth-
quakes, a fundamental discipline for extending earthquake catalogs back to the time 
of instrumental seismology. In many countries, there is no or insufficient information 
from before instrumentation; in some others (e.g., Italy, Greece, Japan), the earth-
quake catalog useful for hazard analysis is obtained mainly from macroseismic data.

The historical seismicity of Central America is based on regional and national 
catalogs and on documents, reports, and monographs on individual seismic events, 
which often do not include estimates of epi/hypocentral parameters, intensity values, 
or isoseismal drawings. Since the 1960s, only a dozen scientific papers (or seismic 
catalogs) have been found that rely on new historical sources, some of which provide 
partial seismological interpretations, in terms of macroseismic analyses with the defi-
nition of focal parameters (e.g. [1–5]). In 1999, Peraldo and Montero [1] published, 
with great compilatory and interpretive effort, an earthquake catalog containing 
seismic information obtained directly from archives and/or other referenced sources, 
according to modern practices. They also provided new seismological interpretations 
as well as the definition of focal parameters of the most destructive earthquakes 
recorded in Central America. Regarding the parametric catalogs, the main catalog 
in [2] includes about 17,000 earthquakes; it merges at least 30 different earthquake 
catalogs that include both macroseismic and instrumental observations, without 
additional information on macroseismic records or historical sources.

As part of an international collaborative project, we pursued the realization of the 
first cross-national prototypical archive of macroseismic data points for the four par-
ticipating countries in Central America. The database MARCA-GEHN (Macroseismic 
ARchive for Central America countries—Guatemala, El Salvador, Honduras, and 
Nicaragua) was realized by adopting best practices and lessons learned in Europe in 
the field of macroseismology, involving local scientific communities and government 
institutions. The prototype online platform has been publicly available on the Internet 
since 2019 and seeks to address the different data availability and problems encountered 
at the borders of neighboring countries. The database takes into account the many speci-
ficities of Central American countries exposed to a variety of seismogenic processes, 
at different levels of ground shaking, and the availability of non-uniform instrumental 
and historical seismic data. The prototypical archive of macroseismic data represents a 
dynamic seismic catalog since it can be continuously updated depending on the progress 
of historical research; it is also designed for the integration of new descriptive data that 
can better contribute to define the seismic scenario of individual events, such as the main 
social and economic elements: fatalities, injuries, elements of historical structures related 
to seismic impacts, temporary and permanent earthquake-related geological effects on 
the environment, and damage effects due to anomalous sea waves. The coexistence of 
different tectonic regimens (cortical, interphase, and intraplate subduction) can lead to 
the differentiation of earthquake impacts on the population, building stock, and natural 
environment, which are the subject of the documentation searched by macroseismology. 
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In this work, an attempt was made to verify the quality of the information on the selected 
seismic events in terms of their geographical location and the reliability of the biblio-
graphic sources. Efforts were also made to verify or assign missing parameter values for 
each earthquake. As mentioned above, this work should be considered as a first attempt 
to standardize the available information and its bibliographic references for a limited 
number of seismic events and to organize them in a publicly available macroseismic 
database that can be enriched, maintained, and regularly updated through local and 
international efforts.

2. The online MARCA-GEHN archive

Within the RIESCA project (“Proyecto de formación aplicada a los Escenarios 
de Riesgo con la vigilancia y monitoreo de los fenómenos volcánicos, sismicos e 
hidrogeológicos en América Central”), funded by the Italian Agency for Development 
Cooperation (AICS) for the period 2017–2021 and coordinated by the University of 
Palermo, we developed the first prototype online archive of macroseismic data points 
for four Central American countries.

The project was scheduled to end with the onset of the pandemic COVID-19, 
and the very last stages were diluted in remote work sessions. Nonetheless, the 
online archive (version 1.6) has been publicly available since September 2020, and a 
monographic, bilingual open-access issue was published in 2021 [6]. In 2022–2023, 
we updated some content of the archive and published it on a new domain (version 
2.0, https://marca-gehn.info). This book chapter summarizes the main features and 
capabilities of the data collection. For a more detailed and complete description, read-
ers may refer to the monograph already cited.

To archive the data, we resorted to a programming tool that easily converts 
tables of macroseismic intensity data into interactive maps. It is called MIDOP 
(Macroseismic Intensity Data Online Publisher, [7]) and is also used for other macro-
seismic archives worldwide.

The online database MARCA-GEHN is mainly based on:

1. an earthquake catalog table: it contains the basic parametric information for 
selected earthquakes, given in accordance with the reference source;

2. the set of collected macroseismic data point sets (MDP set, sometimes referred 
to as a set of intensity points or, in the past, as a macroseismic field): an MDP set 
represents the “picture” in terms of impact and damage on the built and natural 
environment for a given earthquake listed in the catalog, given according to a 
categorization made by using appropriate intensity scales.

2.1 The reference parametric catalogs

We have relied on internationally published catalogs as the primary source of 
parametric datasets for unique earthquake identification. This choice is motivated by 
traceability, consistency, and sometimes more structured access to the original data; 
however, regional and national earthquake catalogs also exist, and a brief inventory 
for Central America can be found in [6].

Most of the records related to the pre-instrumentation period, namely the 
1500–1903 time window, are derived from the Global Historical Earthquake catalog 



Earthquake Ground Motion

28

GHEC v.1 [8, 9]. They were selected if the epicentral solution adopted by the GHEC 
compilers is within the geographic area of interest to us (a rectangular area with 
coordinates [95°W, 9°N; 82°W, 18°N], white frame in Figure 1); some records below 

Figure 1. 
Epicentral map representing the MARCA-GEHN reference earthquake catalog; a) historical time frame, namely 
from 1500 to 1903, mainly based on GHEC v.1 [8, 9]; b) events from 1904 to 2018, mainly based on the solutions 
proposed by the ISC-GEM Global Instrumental Earthquake catalog, v.9.1 [10]. The geographic boundaries 
include the four Central American countries involved in data collection in the RIESCA project, i.e., Guatemala, 
El Salvador, Honduras, and Nicaragua.
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the magnitude threshold M7+ assumed by GHEC were taken from the catalog [1]. 
From 1526 to 1903, 92 events are listed in the catalog table, ⅓ of them provided by a 
MDP set.

For the so-called “instrumental” period, i.e., 1904 onward, the parametric refer-
ence list of earthquakes comes from the ISC international catalogs and bulletins. The 
ISC-GEM Global Instrumental Earthquake catalog, v.9.1 [10] and its supplement, 
which lists events with poorly defined parameters, have been available since June 
2022 and have been adopted by Marca-GEHN v.2.0. The time window now includes 
2018 with a magnitude cutoff of M5–5.5+, for continental events and about M5.5+ 
elsewhere. We selected events in the same geographic area as before (Figure 1b), 
resulting in 1253 records; the catalog table is thus incremented by about 260 events 
from the ISC catalog v.6.0 used in the previous publication MARCA-GEHN in [6], 
with almost all new events related to the last three years. In the instrumental part of 
the catalog, the percentage of events provided by an MDP set decreases to about 3%, 
but it increases to about 25% if we assume the same magnitude threshold used in the 
pre-1904 period.

The global features of seismicity in Central America shown in Figure 1 are 
primarily due to the tectonic setting characterized by the convergence of the North 
American Plate, the Caribbean Plate, and the Cocos Plate. Their interaction creates a 
complex tectonic environment in which transcurrent margins, subduction zones, and 
volcanic arc seismicity coexist. It is worth noting that until recent decades, earth-
quake distribution has been severely affected by uncertainties in spatial localization 
and incompleteness in magnitude, due to population distribution and discontinuous 
and inadequate instrumental monitoring (especially in offshore areas).

Similar to previous versions, the Marca-GEHN 2.0 catalog allows searching in 
space (circular or polygonal areas, using the interactive pencil tool) and in time (time 
cursor tool), different layouts for topography, and exporting the resulting maps in 
Google Earth format (.kml). A promising new feature was also added in the latest 
release to link directly to the referenced source of the earthquake record; when an 
earthquake is selected from the main list (upper left panel), a link appears near the 
origin time in the lower left panel, leading to an external page of the parent catalog 
where additional information is immediately available. We intend to propose a similar 
reverse link in the cited international catalog in the future, directed to the event page 
MARCA-GEHN.

Some other minor adjustments have also been made to MIDOP, such as the display 
of epicenters for records without an assigned magnitude or the display of the lowest 
intensity levels.

2.2 The macroseismic data point (MDP) sets

Assigning intensity to an earthquake means checking the correspondence between 
the macroscopic effects for as many sites as possible and the description categorized 
(formally in degrees) by the macroseismic scale; if the formulation of the macroseis-
mic scale does not take into account a statistical distribution of effects, it is essential 
to summarize the information contained in the various available sources and then 
compare it with the scenarios represented in the degrees of the macroseismic scale.

The available observations reflect the temporal and cultural environment of the 
sites studied (building types, materials, but also societal organization, and lexis 
used in documentary accounts). Although the macroseismic scales aim to establish 
objective evaluation criteria, it is often not easy to assign a precise degree of intensity. 
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Frequently, the macroseismic observations provide ambiguous or even contradictory 
information: When some indicators point to a certain degree, but others are typical 
of lower or higher degrees, it is a common practice to formalize this uncertainty by 
intensity intervals (e.g., VI-VII), a solution that is sometimes transformed into an 
intermediate value (6.5); this is an incorrect use that must be abandoned in order to 
respect the discrete and ordinal, but not numerical, definition of intensity degrees. In 
the last 30 years, great progress has been made in the study of historical earthquakes, 
especially in the search and selection of authoritative sources, in the definition of 
procedures that allow tracing the paths followed in the analysis, and in the method of 
data synthesis, which is crucial for evaluating the reliability of historical data. These 
results have been possible thanks to the stimulating cooperation between historians 
and seismologists, especially in European countries (see, for example, [11]).

In the Americas, the first written documents on earthquakes date from the XVI 
century, although rare pre-Hispanic sources have been discovered. Today’s knowledge 
of the historical seismicity of Central America is based on some valuable regional and 
national data collections, as well as on papers, reports, and monographic volumes that 
also describe research results for individual seismic events. These are mostly descrip-
tive seismological compilations that often do not include estimates of focal param-
eters, intensity values, or isoseismal drawings. For a more complete inventory of data 
collections for CA and their linkage, we refer the reader to [6]. The macroseismic scale 
most commonly used in Central and South America is the Modified Mercalli intensity 
scale (MM), which is composed of 12 increasing intensity levels with a hierarchical 
classification of observed effects that include human perceptibility in the lower levels, 
low to moderate damage to objects and buildings in the middle levels, and extensive 
destruction of buildings and also permanent environmental impacts in the highest 
levels. In our case study, but also more generally in the global application of macro-
seismic scales, the recovery of basic contemporary key information, e.g., on masonry 
typology, vulnerability, and population density at the time of the earthquake, is of 
great importance.

The compilation of the MDP set for a given earthquake begins with the identifica-
tion of data sources and reference studies from which macroseismic intensities can 
be obtained and geographically referenced. In our case of the RIESCA project, since 
we are working remotely and irregularly, we have resorted to an online Google®TM 
form set up for data entry by users belonging to different institutions and located in 
different countries. The compiler uses an event code (EVENTID) to select the unique 
identifier of the earthquake to which each individual Intensity Data Point (IDP) 
must refer. It then establishes a unique correlation between some parameters of the 
earthquake (e.g., time of occurrence, location, and magnitude) and the information 
related to a single location for that event. In a second section of the form, the location 
of the individual site must be entered with administrative and geographic identifiers 
that can be customized according to the administrative levels of each country. The 
site code (SITEID), rather than the geographic coordinates, is the linking element 
for site searches and for creating a seismic history at the site, i.e., the temporal list of 
effects related to a site, described later. In a third section of the form, the site-specific 
macroseismic value must be entered: This is done by selecting from drop-down 
menus to force the compiler to uniquely identify the intensity scale used and to avoid 
mismatches or unconventional intensity assignments (e.g., values spanning multiple 
degrees, 6–8, as sometimes found in the sources). Intensity values are always given 
in Roman numerals, in accordance with the original definition of the macroseismic 
scale; other commonly used annotations (e.g., not felt -NF-, heavy damage -HD-) 
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are also allowed. Finally, additional information such as the type and reference of the 
data source, quality identifiers for both the source and the intensity assignment, the 
annotation, and the name of the compiler are recorded.

The Google®TM form was used for initial data collection after training was 
provided in San Salvador in November 2017. The form remains available for input 
of new data, and potential data providers can express interest in contributing to the 
next version of MARCA-GEHN, also to fill the gap in cross-border data gathering. For 
given collection deadlines, the final revision post-processing, conducted by a small 
pool of experienced staff, has made it possible to address errors such as inconsistent 
geographic locations, control anomalous intensity values, integrate the MDP set with 
additional sources not previously included, and close the data gap in neighboring 
countries.

An MDP set is accessible online by querying the earthquake, scrolling, and select-
ing the appropriate record in the catalog window (see Figure 2, top left panel): then 
a map of all georeferenced points appears in the main panel (right panel), and the list 
of all locations related to the earthquake is also interoperable in the bottom left panel. 
Here, in the header, additional information is given. They concern the main refer-
ence for the MDP set (click on the event code of the MDP set), the main parameters 
assigned in the original cat (Epicenter OrCat, represented in the map by a red star), 
the modified location or magnitude finally proposed by this work (Preferred, green 
open square). In the map, the intensity data points are shown scaled according to 
the legend: The map can be zoomed, adjusted, printed, or exported in .kml format. 
The IDP list can be downloaded in three different formats, and an external link to the 
MDP is also available. As mentioned above, a new direct link to the event page in the 
origin catalog has also been added.

Figure 2 shows the macroseismic data set for the 1976 Guatemala earthquake, the 
deadliest event documented at MARCA-GEHN with an estimated 23,000 fatalities. 
The MDP set was derived from the USGS Atlas Shakemap compilation, which in turn 

Figure 2. 
Macroseismic data point set (MDP) for the Guatemala earthquake of February 4, 1976. Intensities in the 
Guatemala area are from the study of [12], and in Honduras, they were taken ad hoc from the press. An intensity 
point based on the ESI scale was also added.
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uses the contemporary technical report of [12]. Original sources from the press were 
used for some localities in Honduras (see Appendix 1 of [6] for the complete list of 
reference codes).

This earthquake represents a turning point for seismological knowledge of the 
area, not only because of the extensive damage surveys, the collection of macroseis-
mic questionnaires sent to the most remote areas [12], the geological fieldwork to 
map surface faults, landslides, and liquefaction, but also because of the pioneering 
analyses of the instrumental recordings. The location of the surface ruptures and the 
instrumental data indicate that the February 4, 1976 earthquake was a shallow-depth 
tectonic earthquake triggered primarily by a slip on the Motagua fault [13, 14].

The main fault was identified in a discontinuous line about 240 km long in the 
Motagua Valley and west of the valley; [15] assign a sinistral strike-slip rate of 
14–22 mm/year; a subparallel segment is mapped for about 110 km east of the 1976 
epicenter. Some authors [16, 17] suggest a complex source with an asymmetric 
bilateral fault extending east and west along the Motagua fault, with the largest 
moment release occurring ~90 km west of the epicenter near a striking change 
of the surface fault. Several northward to NE trending secondary fault ruptures, 
called the Mixco system, were identified in the Mixco area. Among these, reactiva-
tion of a segment at least 21 km long was observed [13, 18]. The macroseismic data 
are crucial in this case both to identify the complexity of the earthquake ruptures 
and to determine possible similarities or differences in the damage patterns of 
previous events.

2.2.1 Georeferencing and searching the localities

As mentioned earlier, the location of the individual site must be entered with 
some administrative and geographic identification data. The MIDOP software can 
be adapted to the administrative levels of each country: The modified version we 
used allows five levels of identifiers (string variable) and three numerical values 
(for the geographic coordinates -latitude, longitude- and the site identification 
code -SITEID-). In Central America, we adopted the ranking of the country code 
(CC), geographic regions (if defined by the country), regional administrative 
areas (Departamentos), municipalities (Municipios), and finally the specific site 
(Locality) to which the intensity point refers. The geographic coordinates and a 
unique identification code for the locality are taken, when possible, from the gen-
eral inventory of localities (Free Gazetteer data, available at http://www.geonames.
org/). If they are not inserted correctly, this datum can be adjusted/unified in the 
post-processing phase. This structure is flexible and powerful and is the core of the 
query by places, the query of the database, which is the alternative to the query by 
earthquakes.

A place can be identified by a string search (drop-down menu), in the alphabetical 
list, or by area selection. The list of localities briefly displays the name of the site, the 
country code (a field that is generally omitted because macroseismic archives are usu-
ally national archives), the maximum intensity observed at that site, and the number 
of observations related to that location. On the specific web page for each location, all 
other information uploaded to the archive is then structured, and external references 
to the geographic database are also linked (see the example for Ahuachapán in the 
region of the same name with SITEID 3587426, direct link to https://marca-gehn.info/
v2.0/query_place/call_place.htm?place=3587426).
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Correct site identification is anything but a trivial matter. Some problems encoun-
tered in compiling MARCA-GEHN, most of which have been resolved, are:

• The identification of the inhabited/potentially affected site in relation to the 
barycentric coordinates of the actual administrative area. Several cases were 
manually relocated after being verified with Google tools;

• The location of the site at the time of the earthquake; several urban centers were 
relocated after disasters (Guatemala City, for example, is the best known and 
most traceable case);

• The identification of sub-areas within the largest metropolitan communities that 
deserve to be called a “locality” and for which a differential intensity assessment 
is useful. See, for example, the case study of the December 26, 1917 earthquake, 
with about 70 intensity points within Guatemala City (Figure 3), obtained by 
damage estimates based on photographs [19].

• Georeferencing of sites for the use of “unconventional” intensity scales that relate 
to geologic or environmental, rather than inhabited, locations, as discussed below.

2.2.2 The use of multiple intensity scales

One of the distinguishing features of MARCA-GEHN is the collection of 
 macroseismic information that cannot be uniform because it comes from different 
documentary sources, and the use of multiple intensity scales to preserve the integrity of 
the original study or the nature of the multiple observations collected. The reason for this 

(a) (b)

Figure 3. 
The Guatemala City for the 1917–1918 earthquakes: a) distribution of damaged buildings and b) inferred 
intensity points. The degree of damage is assigned to individual buildings by photo comparison [19], and the 
intensities are indicative of the local seismic response in urban areas, as they help identify “quadras” susceptible to 
amplification. More details in [6].
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decision is mainly due to the time constraints of the RIESCA project that supported the 
realization of the archive, as it was not compatible with conducting a full revision study 
for each earthquake to reinterpret and homogenize the original sources. We discarded 
the possibility of using simplifying conversion relationships between different intensity 
scales, as they proved to be critical (see [20]). Finally, by archiving the standard macro-
seismic intensities, which are usually related to the building stock, we collected addi-
tional information on the geologic and environmental consequences of earthquakes that 
can now be classified by nontraditional intensity scales and that can provide additional 
clues for knowing the causative source of the earthquake.

Thus, we tolerate the coexistence of non-uniform but original intensity values, as 
this will allow more reliable harmonization of the intensity dataset and integration of 
different expertise in the future.

Only in a few cases did we reevaluate intensities assigned using a different scale, 
relying on available documentary sources, since the original values were on a 10° scale 
that is incompatible with the graphical representation (e.g., the 1915 September 7 
earthquake [21]).

The latest MARCA-GEHN 2.0 archive uses these scales:

• the Modified Mercalli intensity scale (MM) in the 1956 formulation given by 
Richter in 1958 (for a review of intensity scales see [22];

• the Mercalli-Cancani-Sieberg (MCS) scale as formulated by Sieberg in 1923 [23];

• the Medvedev-Sponheur-Karnik scale (MSK, [24]);

• the DidYouFeelIt (DYFI) proxy scale [25];

• the Environmental Intensity scale (ESI) [26, 27] for geological intensities;

• the Tsunami Intensity scale (TSU) [28].

Even though all scales are in a 12° range, their values cannot be treated together, 
and users must be strict when merging data from different macroseismic scales.

The collection of ESI and TSU data points began coincidentally to document the 
effects of one of the largest magnitude earthquakes of the last century, the so-called 
slow-quake near the coast of Nicaragua in 1992. No relevant seismic shaking effects 
on buildings were reported, but enormous and diffuse tsunami effects were reported, 
exceeding those expected given the assumed size of the rupture. A more detailed 
description can be found in ([6], p. 136 ff).

During the last update, some ESI data points on Guatemala earthquakes of the 
XVIII and XIX centuries were added to map the geologic seismo-induced effects. 
They seem to be a promising tool to distinguish between surface and deep causes of 
past earthquakes.

3. First results

Measuring the outcome of an open-access database usually involves evaluating 
its impact, use, and added value for users and, more generally, for the reference 
community. Most of the key metrics and methods that can be used to quantify the 



35

A Tool for Archiving and Updating Knowledge about Past Earthquakes in Central America
DOI: http://dx.doi.org/10.5772/intechopen.1003080

outcomes of an open-access database are not applicable to MARCA-GEHN because 
the platform has not yet been configured for such purposes, e.g., tracking user 
participation, downloads, and page views. Previous citations are also limited because 
the first version of the archive was launched during the difficult times of the COVID-
19 pandemic. Last but not least, the database is explicitly described as “prototypical” 
and incomplete. Nevertheless, some numbers are indicative of the amount of data 
collected so far.

MARCA-GEHN V.2.0 contains an earthquake catalog with 1345 parametric records 
obtained from international public sources. Sixty-seven earthquakes were provided 
by MDP sets, i.e., a list of intensity data points representing quality-checked and 
georeferenced observations collected during our studies. The total number of IDPs is 
2167; most of the observations are related to Guatemala, which also experienced the 
deadliest earthquake in 1976. Most IDPs are given in the Modified Mercalli intensity 
scale (MM), followed by DYFI proxy intensities representing recent earthquakes; 
other intensity scales have been used depending on data availability.

The MDP sets vary in number from datasets with only a few points (6 earth-
quakes with less than 4 localities) to well-documented events (14 earthquakes with 
more than 50 IDPs). It is worth noting that the events studied were not selected a 
priori, e.g., using rules based on date or magnitude: They were collected to meet the 
diverse needs and interests of participating countries and researchers from CA. The 
magnitudes represented in the MDP sets range from M4.3–4.5 for some earthquakes 
in Honduras to M8.1 (1862 El Salvador earthquake). It must be clearly stated that 
magnitudes are not uniform, as they are determined by a variety of methods and 
instruments. Some parametric records of the studied events were modified with 
respect to the time of origin (date, time), the name of the epicentral area, or the pre-
ferred coordinates with respect to the catalog from which they originated. In addition, 
20 events were given a number of fatalities, although sometimes this information can 
only be indicative. Even if the percentage of earthquakes coming from macroseismic 
data is low, it should be taken into account that the earthquake catalog is not declus-
tered, as can be the case in other macroseismic databases (e.g., AHEAD, [29]).

Efforts to compile MDPs at the international scale (and thus integrate informa-
tion across boundaries) and collect intensity values assigned by various scale metrics 
(e.g., MM, MSK, DYFI, including geologic and tsunami data) are specific choices 
introduced in MARCA-GEHN. They may represent improvements for enhancing data 
collection, but may also be viewed as limitations for users who are not sufficiently 
aware of the different origins and purposes of the data.

We provide some additional considerations here about the potential feedback of 
this data collection in nearby fields, such as seismotectonics, seismic hazard assess-
ment, and site response studies.

3.1 The identification of the causative sources of earthquakes

The damage distribution resulting from an earthquake can provide valuable 
 information for deciphering its causative source, i.e., the fault responsible for the 
seismic event. The basic assumption of uniform, isotropic propagation of seismic 
waves, with energy decreasing from a point source, is firmly established in the 
seismological literature. According to this view, the extent of the damage/percep-
tion areas is in some sense indicative of the energy and depth of the source, while 
asymmetric patterns in the distribution of the strongest intensities can be attributed 
to the orientation/finiteness of the causative fault. In the real world, such simplistic 
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assumptions are often violated because of the characteristics of the rupture, the 
propagation and local amplification properties, the complexity of earthquake 
sequences, and last but not least, the availability of “observers.” From the pioneering 
representations of damage distribution based on the isoseismal drawings to more 
recent formalizations of epicenter, magnitude, and propagation properties through 
mathematical constraints on the distribution of intensity data points (e.g., [30–32]), 
macroseismic data remain fundamental ingredients for addressing seismic sources in 
the pre-instrumental era.

At MARCA-GEHN, preliminary analysis of the macroseismic data sets collected 
to date has in some cases allowed different interpretations of the causative source 
than those adopted in the original catalog, in terms of earthquake location, proposed 
depth, and representative magnitude. For example, these changes are proposed to 
date:

• For the two earthquakes of 1859 and 1862, which occurred in western El Salvador 
and eastern Guatemala, offshore displacement with a decrease in magnitude 
is proposed (see [6], from page s41). The December 20, 1862 earthquake is the 
strongest event reported in the historical subsection of the catalog: an origin time 
is added with respect to the parent catalog [8]. The changes are motivated by 
critical reading of several accounts of the events, analogy of tsunami effects with 
recent events, and some consideration of cumulative damage.

• For the 1719, 1747, 1765, and 1874 events, reinterpretations as shallower mag-
nitude events are preferred; we favor attributing them to the cortical volcanic-
tectonic regime, in some cases the changes are also supported by the mapped 
geologic effects.

• For some events, relocations for mislocation in the origin catalogs are given (e.g., 
1733 on the border of El Salvador, Honduras, and Guatemala; 1898 in Nicaragua; 
1915 in El Salvador; 1917 Guatemala City; 1931 in Nicaragua).

• Finally, for one of the deadliest events in the historical part of the catalog, the 
1773 earthquake, a relocation far away from the mapped sites to the interior 
of Guatemala is preferred, which now follows the proposal of activation of the 
Polochic-Motagua fault from the literature (Figure 4) [1].

A note is necessary. The modifications proposed for some events are prelimi-
nary, and the alternative parameters are given as “preferred” and do not replace the 
original solution. An exhaustive study for an earthquake could take a long time, 
which was outside the time span of the RIESCA project. Also, the impact of the 
proposed changes on a conventional seismic hazard analysis is now likely to be very 
limited. However rapid access to the maps, data points, referenced sources, and 
direct linkage to the repositories of the origin catalog have unprecedented potential 
to accelerate the collaborative growth of a transdisciplinary community that refines 
and uses these data.

3.2 Maximum observed shaking

One of the products of a macroseismic intensity database is a map of 
maximum observed intensities, a very basic representation of seismic hazard. In 
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MARCA-GEHN, such a map appears on the entry page of the “Query by place” 
option, with the highest value at each locality represented by a color-coded dot. In 
Figure 5, the spatial distribution of the maximum intensity (Imax) is related to the 
municipalities, with their administrative areas filled in in color and, in addition, all 
the other sites studied are shown. Note that all MM /MSK/MCS/DYFI intensity data 
points are plotted together, while the geological and tsunami intensities (ESI/TSU 
data points) are not. This is still not a rigorous presentation, but it is an acceptable 
compromise to convey the effects of past earthquakes to a broad audience.

The maximum intensities follow the major fault systems and run in an almost 
continuous reddish band (intensities VIII and above) along the Pacific Coast volcanic 
belt from the Guatemalan-Mexican border to Managua in Nicaragua. A similar but 
less uniform stripe with intensities of VI and above follows the transform fault system 
from Lake Izabal in Guatemala to the Atlantic coast of Honduras.

Note the extent of the municipalities, which range from a few square kilometers 
in the most populated areas to huge chunks of territory in the wildest regions of 
Guatemala, Honduras, and Nicaragua. It should also be noted that some communi-
ties are not represented by intensity data points, even if they are located near highly 
damaged areas. For example, this is the case for some localities on the Pacific coast 
of Guatemala (SW of the capital): We suspect that this is mainly due to uneven 
population density and/or economic and cultural importance at the time of the major 
earthquakes, as reports, especially for historical earthquakes, usually refer to the main 
cities.

Future studies could also help inform research efforts to fill the knowledge gap on 
some seismic sources (e.g., the depression zone in Honduras) or in areas where there 
is little documentary evidence of past earthquakes (e.g., southern Nicaragua and the 
Pacific coastal strip of Guatemala).

Figure 4. 
MDP set for the July 29, 1773 earthquake. The red star shows the epicenter adopted in GHEC [8] and taken from 
[33]; the light blue pin is the epicenter proposed by [34]; the green square is our preferred earthquake location 
given by [1]; the assign the event to the Polochic-Motagua fault (in purple). Redrawn from [6].
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3.3 Seismic histories at a site

Similar to the Imax map, the seismic history of a site is an interesting way to 
present and communicate the relevance of earthquakes to professionals and also to 
the general public. The collection of long and rich seismic site histories also allows 
alternative approaches to seismic hazard assessment that are not based on any 
assumptions about the seismogenic sources (e.g., the site intensity approach, [35]). 
The data stored to date in MARCA-GEHN are a first attempt at such data-driven stud-
ies, although they are not sufficient for reliable application to Central American sites. 
Figure 6 shows the seismic histories of Guatemala City and San Salvador, two capitals 
of the four countries involved in the RIESCA project.

With 20 observations (Figure 6a), San Salvador is the most populated seismic 
site history in the current database (version 2.0). The collected data, which are still 
very incomplete, range from the beginning of the Spanish invasion (1719, San Vicente 
earthquake) to a moderate offshore earthquake in 2018. The highest observed inten-
sity is attributed to the 1986 San Salvador earthquake (IX), followed by the January 
2001 earthquake and the 1719 one (VIII). Note that the effects above the first damage 
condition (intensity > = VI) are presented 11 times. We acknowledge that the intensi-
ties obtained by the DYFI survey should be considered with great caution since the 
damage conditions are sometimes supported by very few questionnaire compilations.

Guatemala is known to have had its capital moved from its original location at 
least three times due to earthquake damage, and the country’s seismic history includes 
many devastating earthquakes. Currently, Guatemala City covers 228 square kilome-
ters and is the most populous city in Central America, with about three million inhab-
itants. It is therefore very difficult to consider it as a single place, as the MIDOP engine 

Figure 5. 
Maximum observed intensities as given in MARCA-GEHN (V.2.0) for the four countries involved in the RIESCA 
project. The area of the municipality is indicated with the maximum value according to the color code of the 
legend on the right. In gray, the municipalities are without data.
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has technically done. In this version, the seismic history of the Guatemala City site 
includes 19 earthquakes (Figure 6b), from the Santa Maria de Santiago earthquake of 
1773 to the moderate offshore event in El Salvador on January 3, 2018. Note that after 
the 1773 earthquake, the capital city of Antigua Guatemala (https://marca-gehn.info/
v2.0/query_place/places/../call_place.htm?place=3599699) was moved to its current 
location in 1776, which explains why there are no earthquakes before that date; also 
note that the 1917–1918 seismic sequence represented by the December 26, 1917, MDP 
record with 71 IDPs all located in the broad area of the city is not shown on the graph 
in Figure 6b. This is a typical case where assessing intensity at a more detailed scale 
than the administrative level of the municipality causes some problems. If we assume 
that the intensity of the 1917 event in Guatemala City can be estimated “globally” at 
VIII–IX, this results in the highest value observed so far, exceeding the value given for 
the devastating 1976 earthquake.

For more details, we invite readers to also surf to the list of nearest localities 
(within 15 km) that appears below the time graph, at the link provided in the caption 
of Figure 6.

(a)

(b)

Figure 6. 
Seismic site history for: a) San Salvador (SV), available at https://marca-gehn.info/v2.0/query_place/places/../
call_place.htm?place=3583361; (b) Guatemala City (GT), available at https://marca-gehn.info/v2.0/query_place/
places/../call_place.htm?place=3598132.
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Similar conditions with very strong lateral variability of damage due to local site 
responses (amplification and permanent surface deformation or liquefaction) are 
reported for Managua (NI) during the December 23, 1972 earthquake, where IDPs 
were assigned to subsectors of the city. Finally, in Tegucigalpa (HN), initial damage 
conditions were reached only once, in 1774, while more or less distant earthquakes are 
felt quite frequently (degrees III and IV): consider that most data for Honduras come 
from DYFI questionnaires, with all their advantages and disadvantages.

These examples underscore the need for additional basic research efforts on his-
torical and contemporary documentary sources for all countries from CA to increase 
the reliability of macroseismic intensity assessments.

4. What next?

The macroseismic archive for the countries of Central America-Guatemala, 
El Salvador, Honduras, and Nicaragua (MARCA-GEHN) was developed in 
2017–2020 under the RIESCA project funded by the Italian Agency for Development 
Cooperation (AICS). The database was updated in 2022–2023 based on the voluntary 
efforts of some authors.

Guatemala, El Salvador, Honduras, and Nicaragua are exposed to a variety of 
seismogenic processes, ground shaking of different relevance, and non-uniform 
instrumental and historical seismic data availability. In addition, local reference 
institutions sometimes face limited human and material resources, and in general, 
macroseismology research is not considered as important as instrumental seismology. 
The RIESCA project has attempted to adapt European best practices in macroseismol-
ogy research to publish a publicly available online prototype database of macroseismic 
observations for some countries in CA. The working group has adopted some simpli-
fied solutions to solve the problems related to data collection, sharing and verifica-
tion, and remote working, a problem exacerbated by the COVID-19 pandemics in the 
final phase of the project. Another special aspect is that MARCA-GEHN has tried to 
solve problems occurring at the borders of neighboring countries, whereas studies 
usually focus on the national level.

We have resorted to international earthquake catalogs (GHEC and ISC) to relate 
the table of IDPs to a specific parametric record. This choice is mainly motivated by 
the need to clearly identify the data sources (e.g., original seismic phase readings 
and location for instrumental earthquakes, documentary source studies for histori-
cal events); we also pursue the hope of contributing to the improvement of the next 
versions of these international databases or other publicly available repositories of 
metadata needed for other applications (e.g., seismic hazard assessment). Viewed 
in this light, the online database has great potential to serve a large community of 
researchers and stakeholders, experts, and the general public, but it needs a strategy 
to ensure continued maintenance and regular updates over the long term.

A major limitation of MARCA-GEHN is the incomplete inventory of primary 
sources; on the other hand, the most devastating earthquakes of the last two centuries 
have been studied in some detail. Geologic deformation in the area is often so rapid 
that many seismic sources have been active during this limited period, and recent 
earthquakes can be used to make some analogies with the oldest and less documented 
earthquakes. Some technical issues with the presentation of macroseismic data with 
different objectives (e.g., geologic or tsunami effects versus intensity data points 
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based on building stock effects) also need to be addressed to allow the easiest use of 
the database contents.

We hope that this tool will increase the interest of local institutions in using 
macroseismic data, as interdisciplinary studies that consider the historical, socioeco-
nomic, geological, and seismological aspects of earthquakes together are paramount 
to safer and better-prepared communities.
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Chapter 3

The Role of Earthquake Catalogue
in Seismic Tomography
Giuseppe Pucciarelli

Abstract

Seismic tomography is a process used to know a structure in the depth of a
determined part of Earth. It consists of two parts. The first one, the so-called Forward
Problem, provides a computation of theoretical traveltimes starting from an estimate of
hypocentral parameters obtained by earthquakes registered by a specific network of
seismic stations. The second one, the so-called Inverse Problem, aims at providing a 3-D
seismic velocity model obtained minimising residuals, that is the difference between
theoretical and observed traveltimes. The production of a well-distributed earthquake
catalogue is really important to obtain a well-performed seismic tomography. So, it is
relevant to the description of the rules to achieve an acceptable and performing earth-
quake catalogue for seismic tomography. Three examples are shown: local tomography,
regional tomography, teleseismic tomography. In each of them, broad relevance has
been given to the theoretical background and to the formation of an earthquake cata-
logue with just a hint (images only) to the final results.

Keywords: seismic catalogue, seismic tomography, earthquake catalogue, earthquake
hazard, earthquake history

1. Introduction

Through the word tomography, a process adopted in many known sciences (for
example, medicine, oceanography, etc...) has been described. A process with an only
aim: studying the internal structure of a determinated system by means of a series of
sources that enlighten it. For example, the Computer Axial Tomography (CAT) is used
in medicine and consists of X-Ray beams that barrage the body of a person to light up
his (or her) internal. Seismic tomography works in the same way. This process allows us
to know the principal characteristics of a structure in the depth of a determinated part
of Earth. Seismic tomography could be divided into three categories: seismic refraction
tomography, attenuation seismic tomography and the “classic” traveltime seismic
tomography. For brevity, only the last one will be described in this chapter.

1.1 Traveltime seismic tomography: a general description

A traveltime seismic tomography follows the established model of a so-called
Inverse Problem [1]. That is, the following structure is implemented in this way
(Figure 1):
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Part 1, Forward Problem - Theoretical traveltimes starting from an estimate of
hypocentral parameters are computed. This estimate is obtained by a 1-D starting
velocity model.

Part 2, Inverse Problem – Estimate of the hypocentral parameters through a com-
parison between theoretical and observed results.

In this regard, for each datum, the estimate of residual (Eq. (1)) that is the
difference between the observed travel times (labelled Tr.timeobs) and these theoreti-
cal travel times (labelled Tr.timeteo) takes considerable importance. This is because the
entire process stops when the residual touches its minimum value.

Residuals ¼ Tr:timeobs � Tr:timeteo (1)

Generally, traveltime seismic tomography is a non-linear problem [2]. A generic
travel time Tr.time along a ray r is given by:

Tr:time ¼
ð

r sð Þ

s rð Þds (2)

where s is the slowness, that is the reciprocal of velocity of seismic wave v. Using
slowness instead of velocity, we could affirm that (Eq. (2)) is linear. This affirmation
is wrong. In fact, rays are curves of stationary travel time and therefore depend on the
slowness. So, slowness compares both in the integrand and it determines ray position
r(s) in (Eq. (2)). Before proceeding, we should linearize (Eq. (2)). For obtaining this
result, Fermat‘s principle has invoked. It says that the travel along a ray does not
change to first order when this ray is perturbed. This principle has been applied to the
following equation:

∇Tr:timej j2 ¼ s2r (3)

It is the eikonal equation, that is an equation which describes the propagation of a
wavefront Tr.time and its solution allows us to compute traveltimes. By means of a
systematic permutation approach, eikonal equation can be linearized. For solving it,
1-D velocity model has been discretized in a sort of grid (Jeffreys-Bullen model, AK135,
IASP91) (Figure 2). In this way, seismic tomography becomes a typical matrix prob-
lem solvable by means of specific numerical algorithms (MTTT, difference finite
eikonal equation, Fast Marching for the forward problem, least squares for the inverse
problem [3]).

Performing a seismic tomography obviously has the goal of obtaining good results.
A goal can be reached if all the characteristics used for realising a seismic tomography

Figure 1.
Graphic description of an inverse problem.
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are refined. For example, numerical characteristics (choice of grid limits, grid tests,
etc.… ), informatics, computing characteristics (capability of computers, software
elaboration, software graphic). But one characteristic is fundamental: the
assembly of an opportune database of seismic events. Who performs a seismic
tomography should answer to following guidelines questions: (1) How many
seismic events are needed? (2) By what criteria (magnitude, type, period) seismic
events are selected? (3) By what criteria (geometrical distribution, acquisition of a
determined seismic event) a network of seismic stations is selected? Relevant ques-
tions that have not absolute answers but these last ones could change depending on
the geophysical situation. In this proposal, three different situations are shown. That
is, a local, a regional and a teleseismic traveltime tomography. Three different situa-
tions with the aim of finding a common denominator in the production of a seismic
catalogue.

1.2 The example of a local seismic tomography

The first one is a local seismic tomography (that is a seismic tomography of
an area almost 100x100 km) of Campania and Basilicata, two regions of South
Italy that on 23th of November 1980 were shattered by a disastrous earthquake
(MW = 6.9, 2483 dead people and 7700 injured) [4]. In this case, the seismic
catalogue consists of 665 events that are the aftershocks (Figure 3) acquised
by the Italian seismological network and temporary seismic network in the
period 1–15 December 1980 (107 stations) for a total of 18,625 P phases.
Following the guidelines of questions previously mentioned, it is possible to
understand that:

(1) Considering the strong magnitude of mainshock and consequently big
number of aftershocks, it seems quite reasonable that two weeks of continuous
acquisition are enough for having a complete database; (2) Being a local seismic
tomography, it makes little sense to operate a strong selection from point of view of
magnitude (except for instrumental earthquakes); (3) a strong set of local seismic
station has been chosen with the support of Italian seismological network for having a
better geometrical distribution (Figure 4).

An image of a horizontal section of local Irpinia tomography is shown (Figure 5).

Figure 2.
Schematic description of a grid for traveltime seismic tomography. Ti is the i-th traveltime used for the inversion,
Δsi

j is the grid step for Ti traveltime through j-th grid cell, “point” symbolises hypocenter, “triangle” symbolises
seismic station.
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1.3 The example of a regional seismic tomography

The second one is a regional seismic tomography of circum-arctic [5]. That is, a
tomography with a database composed of earthquakes whose epicentral distance is
included in the range [100 km; 1400 km]. In this way, whereas the epicentral distance
is greater than the similar one in local earthquakes, seismic rays could “illuminate” a
higher depth. For producing an optimal database, in these cases, a database of the
International Seismic Centre (ISC) is used. It is a database consisting of 4 million
seismic events, not only earthquakes but also artificial explosions and a network of
even 50 million individual seismic stations.

In this regional seismic tomography of circum-arctic (Figure 6), P waves of local
earthquakes recorded by ISC seismic stations (number not specified) at a regional
distance in a period [1964–2007] are used for producing the database (Figure 7).

Grid for tomography is 7000 x 7000 x 50 km in depth, with a maximum depth of
640 km (that is, near at range of maximum depth at which an earthquake can occur,
660–700 km in the lower mantle). In this work, more inversions have been performed
at different orientations and their average in one model has been considered. The
distribution of events and the seismic station is very irregular for the simple reason
that in the central part of the circum-arctic region there are not seismic stations and
consequently there is very poor ray coverage. Answering the “guideline questions”, it
is possible to notice:

Figure 3.
Geographical distribution of aftershocks of Irpinia earthquake (23rd November 1980) used to construct
earthquake catalogue for local Irpinia traveltime seismic tomography.
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(1) The huge number of seismic events and making recourse to the ISC seismic
catalogue represent an obvious choice because of the goal of tomography (that is, the
study of greater depths); (2) The huge number of data is strictly connected with the
risk of poor quality. Indeed, a preprocessing and a selection of data by means of
determined (but not specified) criteria has been performed; (3) Considering the
geographical peculiarity of the zone, even in this case the choice of network stations is
obliged.

Images of horizontal sections of regional Circum-Arctic tomography have been
shown (Figure 8).

1.4 The example of a teleseismic tomography

The third and last (but not the least) case is a teleseismic tomography of Southern
Tyrrhenian [6, 7]. Teleseisms are earthquakes whose epicentral distance (expressed in
angular distance) is greater than 30°(Figure 9). The Tyrrhenian Sea is a back-arc basin
(that is, it is a basin made up of oceanic crust associated with a roll-back subduction
that is a result of the subducting Ionian slab since the Tortonian Age (10 Ma) [8]. At
the present day, most of the oceanic lithosphere in the Tyrrhenian-Apennine system
has been consumed with the exception of the 74 Calabrian arc sector where there
is still subducting Ionian lithosphere, confined to the southwest by the Malta
Escarpment [9].

Teleseismic tomography has been chosen because the 3D models obtained only to
describe in a good way the crust and the first part of the upper mantle (maximum

Figure 4.
Network of seismic stations for local Irpinia traveltime seismic tomography.
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reached depth of Southern Tyrrhenian local tomographies is 350 km) and in scientific
literature there are few works of teleseismic tomography regarding Southern
Tyrrhenian [10].

The used database consists of 2979 teleseisms recorded (Figure 10) by 285 Italian
ISC seismic stations (Figure 11) from 1980 to 2012 with a total of 18,515 arrival times
relating to P phases. For obtaining a better stability, a preprocessing of data has been
performed by means of the following criteria:

• magnitude >6

• epicentral distance included in the range [20°; 100°]

• station residual included in the range [�2 seconds; 2 seconds]

• each teleseism must be recorded by almost 10 stations

The distribution of the seismic station is coherent with the area object of tomo-
graphic investigation because ISC Southern Italy has been chosen. Grid for tomogra-
phy has been constructed following these criteria: 0–500 km in depth; 7°-20° E in

Figure 5.
Horizontal section of Irpina local tomography at 3 km depth.
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longitude; 35°-48° N in latitude while grid spacing is 50 km in depth; 0.8 degrees in
longitude, 0.4 degrees in latitude (Figures 12 and 13). Answering three guidelines
questions: (1) Being (fortunately) teleseisms seismic events not very common, it
seemed very reasonable that a very large period (32 years) was considered; (2) Chosen
criteria of preprocessing data have been established to obtain data uniformity; (3) For
obtaining a good ray coverage in the tomographic area, it seemed very reasonable,
considering their availability, the choice of all available ISC Southern Italy seismic
stations.

2. Conclusions

The topic of this chapter concerns the role of the formation of a seismic catalogue
for performing a traveltime tomography. Three several typologies have been shown: a
local, a regional and a teleseismic one.

For all typologies, the seismic catalogue is composed of P seismic phases. This is
because of the stability of this phase and the overall presence and easiness of picking
on a seismogram. The strong differences among these typologies of tomographies
regard the formation of the database, above all in number and period of acquisition of

Figure 6.
Topographic/bathymetric map of Circum-arctic region.
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events, choice of seismic stations and their geometrical distribution in the area of
investigation.

As regards local tomography – that has as its goal the “illumination” of shallow
depths - it seems reasonable that the construction of a database composed of seismic
events in the hundreds acquised by a network of seismic stations. The geometrical
distribution of these last ones is simply the current network of seismic stations in the
area of investigation. A more stable case for local tomography is (as in the case of
example) when seismic events are aftershocks of a main event. This is for two reasons:
1) a practical reason because in a few days, the construction of the database has been
performed; 2) a “scientific” reason because the magnitude of aftershocks is more or
less similar, therefore there is a major uniformity and sturdiness of data.

As regards regional and teleseismic tomography, making recourse to the ISC cata-
logue is almost obliged because regional and teleseismic events could be acquised by
local seismic stations but in lots of situations their archives are not rich events in
enough number for performing a tomography. This choice implicates two conse-
quences: 1) the construction of a database for a period of almost 30–40 years; 2) the

Figure 7.
Distribution of seismic events and seismic stations in circum arctic region. Red dots represent ISC seismic events,
blue triangles are seismic stations.
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Figure 8.
Distribution of seismic events and seismic stations in Circum-arctic region. Red dots represent ISC seismic events,
blue triangles are seismic stations.

Figure 9.
Graphical representation of a comparison between local and teleseismic earthquake.
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development of “a priori” conditions to select data for performing a sort of “data
preprocessing” in such a way the used data are “clean” and ready to be analysed for a
tomography. In this way, the number of data is one-two order of magnitude greater
than its equivalent for the local one.

Regarding the network of seismic stations, local tomography establishes the
restriction to use a network of local seismic stations geometrically distributed in the
area of investigation in a uniform way while the use of ISC seismic catalogue offers

Figure 10.
Map of events (white dots) for southern Tyrrhenian teleseismic tomography.

Figure 11.
Map of ISC seismic stations (white triangles) for southern Tyrrhenian teleseismic tomography.
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Figure 12.
Horizontal section of southern Tyrrhenian teleseismic tomography at 50 km depth.

Figure 13.
Horizontal section of southern Tyrrhenian teleseismic tomography at 250 km depth.
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more freedom of choice, although the use of seismic stations located in the area of
investigation is more advisable.

Therefore, a construction of a correct seismic catalogue is a necessary (but not
sufficient) condition to perform an optimal traveltime seismic tomography.
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Chapter 4

Looming Earthquake Threat
in Ghana
Albert Kafui Klu, Edmund Nana Asare, Jamel Seidu
and Nicholas Opoku

Abstract

The earthquake catalogue of Ghana since the first recorded earthquake and
recently collected seismic data in earthquake-prone locations of the Greater Accra
Region, Ghana’s capital, are covered in this chapter. This study lists the locations,
periods, magnitudes, and intensities of 44 earthquakes and tremors from the past
408 years using the country’s seismic inventory. The HoliSurface approach was also
utilised to conduct Multichannel Analysis of SurfaceWave (MASW) surveys to collect
seismic data from 22 sites in the southern Greater Accra Region’s seismically active
zones. The earthquake catalogue data and geophysical data will help determine if
Ghana is facing a major earthquake. This analysis shows that consistent earth tremors
over the previous few years increase the risk of a devastating earthquake. The
Gutenberg-Richter relations further emphasise the probabilities of a looming earth-
quake threat in the Ghana. The geophysical investigations also revealed areas with
relatively weak subsurface materials that might contribute to more destruction in the
event of an earthquake. The fundamental periods of the sites being in resonance with
the buildings is also another disaster in waiting.

Keywords: earthquake catalogue, thrust fault, shear wave velocity, shear modulus,
site classification, resonance effect

1. Introduction

Despite the fact that Ghana is located far away from the active global plate bound-
aries, the country has suffered damaging earthquakes as far back as 1615. Over the
years, it was observed that earthquakes in Ghana have been concentrated in the
southern part of the country [1–3]. Knowledge of Ghana’s earthquake dataset will
serve as a medium for understanding the trend in the country’s seismic activity and
serve as reliable input data for seismic hazard assessment. There is much importance
in cataloguing historical earthquake events on a national scale so as to be well-
informed on the level of seismicity of the area in question [4]. Furthermore, the
catalogued records could be subsequently processed, analysed and utilised for future
predictions such as the return periods, magnitude and intensity of potential earth-
quakes, ground response analyses and tectonic investigations among others. All these
pieces of information would go a long way to assist in hazard assessment activities,
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disaster preparedness and control, designation of construction sites, urban planning
activities and other mitigation and disaster prevention mechanisms.

The use of shear wave velocity (VS) is commonly employed to estimate ground
motion and predict the impact of earthquakes [5, 6]. Thus, conducting an on-site
survey to measure VS is considered a practice in earthquake related engineering. Shear
wave velocity directly correlates with the stiffness or rigidity of materials as indicated
by the elastic shear modulus (G). Therefore, VS acting as a substitute for G is exten-
sively utilised in the fields of construction, engineering and seismic response studies.
It is crucial to conduct tests and accurately interpret the results to ensure assessment
of resistance against seismic activity. One key quantitative measure used for site
evaluation is VS30, which represents the shear wave velocity within the 30 meters of
soil or rock [7]. This measure is widely used as an indicator for assessing site response
in engineering practices. As a result, it finds application in seismic construction regu-
lations set by organisations like the European Committee for Standardisation [8] and
the National Earthquake Hazards Reduction Program (NEHRP) [9]. The parameter
Vs30 is frequently incorporated into ground motion prediction equations (GMPEs) to
characterise sites and facilitate micro zonation purposes [10, 11].

2. Location and geology

The geological formations in Ghana are predominantly composed of ancient rocks
dating back to the Paleoproterozoic, Neoproterozoic, and potentially the early
Palaeozoic eras. However, it is worth noting that in the coastal regions, the prevalence
of Palaeozoic, Mesozoic, and Cenozoic rocks is more pronounced. The primary Pre-
cambrian rock formations encompass the metamorphosed and folded Dahomeyan,
Birimian, Tarkwaian System, Togo Series, and the Buem Formation. The Palaeozoic
geological strata encompass notable formations such as the Voltaian System and the
Sekondi-Accraian Formations [12]. The continental platform of West Africa was
formed through the amalgamation of the Paleoproterozoic Complex, Voltaian Basin,
Akwapim-Togo Belt, and Pan-African Province during the Neoproterozoic—Cam-
brian Pan-African tectono-metamorphic event. The geological stability of this plat-
form was rather consistent, with only minor sedimentary basins forming at its limits
and tectonic events occurring as a result of the Atlantic Ocean’s formation [12, 13].

The tectonic configuration of Southeastern Ghana and its offshore region is distin-
guished by the presence of three separate zones exhibiting unique tectonic compo-
nents. The geological features under consideration include the Akwapim fault zone,
faults located in the coastal area and near the coast shelf, with the primary character-
istic being the coastal boundary fault, as well as the Romanche Fracture Zone [2, 4,
14]. The St. Paul’s transform zone system, which extends from Cote D’Ivoire and
turns eastward to form the Akwapim thrust fault, intersects with the splay of the
Romanche transform fault, giving rise to the Coastal boundary fault. This geological
configuration has implications for the seismicity of the Accra region, as the activation
of the St. Paul’s transform zone system can partially influence seismic activity in this
area. The fault system under consideration comprises of splays originating from the
Romanche fault and the eastward deviation of the St. Paul’s fault system. This fault
system has been associated with various seismic events of historical significance in the
Accra region [14]. The zone encompasses various areas, including Weija, Gbawe,
Bortianor, and Accra central, among others. The geological map of Southern Ghana
(Figure 1) reveals the presence of the Akwapim fault zone, which extends in a
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northeast-southwest direction. This fault zone acts as a boundary, separating the
Birimian supergroup located to the west from the Pan African Mobile Belt situated to
the east. The region in question is known for being the primary location of both

Figure 1.
Geological map of earthquake-prone zones in Ghana [15].
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historical and modern seismic events within the country. This can be attributed to the
inherent instability present at the contact point of the thrust fault in this area.

3. Earthquake catalogue of Ghana

The first ever documented earthquake in Ghana occurred within the Elmina
township in 1615. This earthquake was estimated to have an epicentral intensity of 8.
However, the first destructive earthquake in the country was recorded in December,
1636 within a town known as Axim; the quake had a surface wave magnitude of 5.7. In
June 1939, the most destructive earthquake in Ghana’s history occurred in Accra. This
earthquake had a magnitude of 6.3, causing 130 injuries, 17 deaths and destruction of
many buildings and properties [4, 14, 16]. The 1939 earthquake was followed by a
series of minor earthquakes and earth tremors.

Over the 408-year earthquake period, the Greater Accra Region recorded the
highest number of earthquake events (over 27), with Accra and Weija having the
highest occurrences of at least 10 each (Figure 2). Other areas within the region that
have experienced the phenomenon are Amasaman, Kwashiman, Achimota,
Kokrobite, Abokobi, Bortianor and Gbawe among other suburbs. These areas are
found within the Southwestern section of the region and are noted to record earth-
quake/tremor events most frequently, especially from 1964 till date. The Central
Region records the second-highest number of earthquakes in the country. This region
is situated to the immediate west of the Greater Accra Region, hence manifesting
some seismic traits of the seismically active region. Coastal towns in the region such as

Figure 2.
Seismic zonation map of Ghana showing the earthquake risk zones [14].
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Elmina, Cape Coast, Apam, Gomoa Fete and Nyanyanor have all been hit by earth-
quakes and tremors with different magnitudes [4].

The Western Region, where the first recorded destructive earthquake occurred is
one of the scarcely stricken regions along the coast. After the 1636 event in Axim, the
next was recorded in 2007 in Takoradi, the regional capital. This trend might seek to
portray the Western Region as one of the most seismically stable regions in the
country with regards to the return period of earthquakes. It should however be noted
that anytime there is an earthquake activity in the region, the magnitudes are rela-
tively high (5.7 and 5.2). The Volta and Eastern Regions have also recorded earthquake
events in the past. One of the highest earthquake magnitudes/intensities (6.5/9 Io) in
the country was recorded in Kpando in 1862. Other towns within the Volta Region
that have recorded such an event are Ho, the regional capital, Kadjebi and Peki. The
towns within the Eastern Region that have recorded earth tremor events are
Amanokrom, Kade, Atimpoku and Aburi among others [4, 15].

Over the past 5 years (2018 to 2023), earth tremors have been occurring within the
Greater Accra Region at an alarming rate with Richter magnitudes ranging from 2.6 to
4. This continuous occurrence has raised an eyebrow; giving indications of a pending
potential massive earthquake event. The continuous tremors result in gradual loss of
friction between the fault planes due to the wearing off of rock fragments during the
movement of the blocks. As this phenomenon continues, the fault planes would no
longer be able to resist the sliding of the blocks past each other when a seismic wave
triggers. This phenomenon would result in a greater displacement of the blocks,
producing a much more intensive seismic activity.

The earthquake catalogue presented in Table 1 can be analysed to provide further
earthquake parameters such as the probability of recurrence, annual frequency of

Year Month Latitude Longitude Magnitude (ML) Io Location Reference

1615 — 5.1 �1.3 — 8 Elmina AMB

1636 December 5.1 �2.2 5.7 9 Axim AMB

1836 December 5.1 �1.28 — 6.5 Cape Coast AMB

1862 July 7.0 �0.4 6.5 9 Kpando AMB

1870 November 5.3 �0.7 4.5 5 Apam AMB

1872 April 5.5 �0.4 4.9 7 Accra AMB

1889 April 5.9 �0.2 4.0 4 Amanokrom AMB

1906 November 6.5 �0.3 5.0 7.5 Ho ALY

1907 February 6.1 �0.9 4.1 4 Kade AMB

1910 December 5.6 �0.2 — 5 Accra AMB

1911 June 5.5 �0.2 — 4 Accra AMB

1939 June 5.4 �0.25 6.3 8 Accra ALY

1948 — 6.2 �0.4 — 4 Atimpoku AMB

1950 October 7.5 �0.5 — 4 Kadjebi AMB

1964 March 5.9 �0.39 4.4 6 Amasaman AMB

1966 — 5.58 �0.35 — 4 Weija ALY

1969 February 5.5 �0.2 4.8 5.5 Accra ALY
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occurrence among others using the Gutenberg-Richter relation [18, 20]. The
Gutenberg-Richter law states that there is a linear relationship between the logarithm
of the frequency and the magnitude of the earthquake. The relationship is often
plotted to the data that is accessible for any geographical area [18]. The Gutenberg-
Richter relation can be represented as:

log 10N ¼ a� bM or N ¼ 10 a�bMð Þ (1)

Year Month Latitude Longitude Magnitude (ML) Io Location Reference

1977 November 5.58 �0.38 2.3 — Weija GSD

1978 February 6.58 0.13 2.9 — Peki GSD

1978 September 5.53 �0.35 3.9 — Weija GSD

1979 January 5.5 �0.33 2.3 — Kasoa GSD

1987 November 5.58 �0.32 2.6 — Weija GSD

1988 March 5.6 �0.11 3.5 4 Accra ISC

1989 March 5.59 �0.33 2.0 — Kwashiman GSD

1990 April 5.59 �0.34 3.0 3 Weija GSD

1991 August 5.62 �0.33 3.9 — Weija GSD

1992 March 5.62 �0.33 2.1 — Achimota GSD

1993 June 5.59 0.32 2.5 — Weija GSD

1994 January 5.38 0.34 2.6 — Nyanyanor GSD

1995 October 5.5 �0.35 4.0 — Kokrobite GSD

1996 August 5.44 �0.48 2.5 — Gomoa Fete GSD

1997 March 5.6 �0.33 4.8 5.5 Weija GSD

1998 December 5.52 �0.22 2.0 — Nyanyanor AMP

1999 May 5.79 �0.25 2.5 — Abokobi AMP

2000 November 5.83 �0.24 2.7 — Aburi AMP

2002 June 5.5 �0.3 3.0 — Bortianor AMP

2003 May 5.57 �0.32 2.9 — Weija AMP

2006 January 5.53 �0.21 3.7 — Accra GSD

2007 September 4.92 1.73 5.2 — Takoradi GSD

2018 December 5.56 �0.33 2.6 — Weija GSD

2019 January 5.6 �0.23 2.6 — Accra GSD

2020 June 5.59 �0.25 4.0 — Accra GSD

2022 June 5.57 �0.31 3.5 — Gbawe GSD

2023 December 5.55 �0.27 2.8 — Accra GSD

(Sources: ALY modified after Ambraseys and Adams [3]; AMB [3]; AMP [4]; GSD - Geological Survey Department
[15]; ISC, International Seismological Centre [1]; and [17]. Abbreviations: N – the number of earthquakes with
magnitudes greater than M for time period [18]; Io – Epicentral Intensity [19]).

Table 1.
Ghana’s earthquake catalogue from 1615 to 2023.
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where, N is a number of earthquakes having magnitude larger than M during a
time period “t”, logN is a logarithm of the number of earthquakes with magnitude M,
“a” is a constant that measures the total number of earthquakes at the given source or
measure of seismic activity, and “b” is a slope of regression line or measure of the
small versus large events. From Figure 3, parameters “a” and “b” in Eq. (1) can be
found to be 2.2722 and � 0.3205 respectively.

These parameters provide the basis for calculating some important values that help in
estimating the likelihood of future earthquake occurrences. Some of these estimates are the
annual frequency of exceeding the M event magnitude N1(M), the probability of occur-
rence of at least one earthquake of magnitude greater than M in the next t years P(t) and
the number of years in average that an earthquake occurs with magnitude greater than M
(TR) among others. These estimations as are given by the relations below after [20]:

N1 Mð Þ ¼ 10 a�bM�logtð Þ (2)

P tð Þ ¼ 1� e�N1 Mð Þ ∗ t (3)

TR ¼ 1
N1 Mð Þ (4)

The first known magnitude of earthquakes recorded in Ghana was in 1636, thus
388 years duration of recorded earthquake activities in the country. Hence, the time
period “t” considered was 388 years in calculating N1 Mð Þ (Table 2).

Figure 3.
Plot of log(N) versus magnitude.

Magnitude N1(M) P(t) (%) TR (Years)

t = 2 t = 10 t = 50 t = 100

4.0 0.025 4.91 22.27 71.63 91.95 39.69

4.5 0.017 3.42 15.99 58.15 82.49 57.40

5.0 0.012 2.38 11.35 45.25 70.02 83.01

5.5 0.008 1.65 7.99 34.06 56.52 120.06

6.0 0.006 1.15 5.60 25.02 43.78 173.63

6.5 0.004 0.79 3.90 18.05 32.85 251.12

7.0 0.003 0.55 2.72 12.86 24.07 363.19

Table 2.
Earthquake estimations for Ghana based on catalogued data.
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The following deductions can be made from Table 2: considering a magnitude of 5
for instance, an annual frequency of earthquakes greater than 5 is expected to be
0.012; in 2 years, the probability of an earthquake with magnitude 5 occurring is
2.38%, whereas in 100 years, a similar magnitude earthquake has a 70.02% chance of
occurring; the estimated return period of an earthquake with magnitude 5 to occur is
83.01 years.

4. Geophysical investigation

4.1 Shear wave velocity data collection and processing

The holisurface technique employs a holistic analysis of surface waves (Rayleigh
and Love waves) expressing the fact that the method analyses the propagation of
surface waves in a complete and holistic way. The uniqueness of this method over the
traditional refractive analysis and Multichannel Analysis of Surface Waves (MASW)
is the utilisation of the single three-component (3C) geophone in the acquisition of
surface waves [21]. This acquires radial and vertical components of Rayleigh waves
and the transversal component of Love waves. The technique follows the active
geophysical principle, where an active source (sledgehammer) is used to trigger sur-
face waves by employing a number of stackings. In this work, a total of 10 stacks were
applied with a 20-tonne sledgehammer on a nylon strike plate for the survey over a
total spread separation (offset) of 20 m.

Shear wave velocity (Vs) profiles are obtained after a series of processing stages.
The HoliSurface™ software was used to conduct a joint inversion of two components
(2C inversion). These components may be the vertical or radial components of the
Rayleigh wave (ZVF or RVF) together with the transverse component of the Love
wave. A group velocity spectrum is then generated from the datasets which displays
the fundamental mode and other higher order modes. With the help of the funda-
mental and the higher modes, shear wave velocity profiles are then generated using
the concept of frequency-depth relationship [22, 23]. The Vs30 values are then calcu-
lated using the Vs within the first 30 m depth of the traverse. Essential geotechnical
parameters that aid in estimating the ability of the ground to withstand seismic
impacts are then computed [24].

In computing for the Vs30, Eq. (1) is used:

Vs,30 ¼ 30 m
Pn
i¼1

di
Vs,i

(5)

Where:
n = number of layers of the Vs profile up to 30 m.
di = thickness.
Vsi = shear wave velocity of each layer respectively.
Eqs. (6)–(9) were employed to compute the bulk density (ρÞ, shear modulus (G),

Young’s modulus (E) and Fundamental period (T) as stated by [25, 26].

ρ ¼ αVsβ (6)

G ¼ ρ ∗Vs
2 (7)
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E ¼ 2G 1þ μð Þ (8)

T ¼ 4H=Vs (9)

Where: α is 0:52; β is 0:2 [27]; H is 30 m.

4.2 Results and discussions

The site classification for this study was conducted using the Eurocode 8 Standard
for seismic site classification. From the 22 sites that were surveyed, 19 of them fall
within the C site class indicating subsurface deposits of medium-densified coarse-
grained soils or medium-consistent fine-grained soils with substrate depths greater
than 30 m and mechanical qualities that improve with depth. The shear wave velocity
of this class ranges from 180 m/s and 360 m/s (Table 3). One (1) of the sites
(Dansoman South) recorded the highest Vs30 (371 m/s), making it to be classified as B.
This signifies that the site is underlain by soft rocks and deposits of very dense coarse-
grained soils or very consistent fine-grained soils, characterised by an increase in geo-
mechanical properties with depth. This class of sites has shear wave velocities between
360 and 800 m/s. The Airport City and Tetegu East sites recorded relatively low Vs30
values of 177 and 74 m/s respectively. The former was classified as D, indicating

SN. Area Vs30
(m/s)

Bulk
Density,
ρ (g/cm3)

Shear
Strength, Su

(MPa)

Young’s
Modulus, E

(MPa)

Fund.
Period, T

(s)

Eurocode
8 Class

1 Accra
Central

332 1.66 183.02 461.61 0.36 C

2 Airport City 177 1.46 45.87 119.22 0.68 D

3 Alajo 273 1.60 119.00 298.65 0.44 C

4 Cantonments 326 1.65 175.83 446.76 0.37 C

5 Dzorwulu 294 1.62 140.08 362.70 0.41 C

6 Kaneshie 302 1.63 148.60 365.97 0.40 C

7 Korle-Bu 285 1.61 130.82 319.81 0.42 C

8 North
Kaneshie

316 1.64 164.18 396.29 0.38 C

9 North Ridge 337 1.67 189.14 505.53 0.36 C

10 Roman Ridge 314 1.64 161.90 401.42 0.38 C

11 Weija North 250 1.57 98.06 229.29 0.48 C

12 Osu 307 1.63 154.07 408.42 0.39 C

13 McCarthy
Hill

344 1.67 197.89 491.04 0.35 C

14 Kokrobite 337 1.67 189.14 466.40 0.36 C

15 New
Bortianor

304 1.63 150.77 386.61 0.39 C

16 Bortianor 295 1.62 141.13 342.30 0.41 C

17 Dansoman
South

371 1.70 233.68 585.01 0.32 B
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subsurface deposits of poorly thickened coarse-grained soils or poorly consistent fine-
grained soils, whereas the latter classified as E with unconsolidated or weak cohesion-
less materials; thus, could take on the description of class D materials. These results
were used to generate an interpolation map using the Inverse Distance Weighting
(IDW) technique (Figure 4).

As presented in Table 3, the geotechnical parameters derived from the Vs indicate
a direct correlation in the subsurface properties. The Tetegu East site which had the
lowest shear wave velocity was observed to have recorded the least bulk density value
of 1.23 g/cm3, shear modulus of 6.73 MPa and Young’s modulus of 16.92 MPa. On the
other hand, Dansoman South recorded the highest geotechnical parameters such as a
bulk density of 1.70 g/cm3, shear modulus of 233.68 MPa and Young’s modulus of
585.01 MPa; proving to be the most competent site.

SN. Area Vs30
(m/s)

Bulk
Density,
ρ (g/cm3)

Shear
Strength, Su

(MPa)

Young’s
Modulus, E

(MPa)

Fund.
Period, T

(s)

Eurocode
8 Class

18 Tetegu East 74 1.23 6.73 16.92 1.62 E

19 Tetegu West 227 1.54 79.30 210.98 0.53 C

20 Dansoman
North

307 1.63 154.07 379.93 0.39 C

21 Gbawe 321 1.65 169.95 423.53 0.37 C

22 Weija South 296 1.62 142.18 360.19 0.41 C

Table 3.
Geotechnical parameters and site classification from shear wave velocity.

Figure 4.
Distribution of shear wave velocities in survey area.
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Regarding the fundamental periods of the overburden materials in the respective
survey locations, it was observed that the values ranged basically from 0.35 to 0.53 s,
which corresponds to the C class of Eurocode 8. There were however outliers like
1.62 s (Figure 5) which corresponds to the E class of the Eurocode 8, 0.68 s belonging
to class D and 0.32 s tallying with the B class. Based on the classification concentrically
braced steel frame (CBF) storey buildings and their corresponding fundamental
periods [28], storey buildings with 15 floors would have a fundamental period of 1.8 to
2.2 s, whereas that of 12 storeys would be 1.3 to 1.7 s, 6 storeys being 0.5 to 0.7 s and 3
storey to single storeys ranging from 0.2 to 0.33 s. it can thus been seen that the higher
the storey building, the higher the fundamental period (T) and vice versa. On the
other hand, the greater the thickness of an unconsolidated or overburden material, the
higher the fundamental period. Also, the shallower the depth to bedrock or the more
consolidated and thinner the overburden is, the lower the fundamental period.

5. Conclusions

With respect to the earthquake catalogue of the country, it can be said that there is
the likelihood of a large magnitude earthquake occurrence owing to the continuous
earth tremors being recorded in recent times. The intensity of an earthquake depends
on a number of factors such as the ground conditions, which includes the faulting
systems, the site’s seismic response properties, the duration and magnitude of the
earthquake, the frequency of the resulting seismic waves, the natural ground fre-
quency and the peak frequency of the structures at the location of the earthquake.
Based on the estimations made from the catalogue data using the Gutenberg-Richter

Figure 5.
Distribution of fundamental periods of soil overburden in survey area.
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relations, it can be said that there is a looming earthquake threat in Ghana. It may take
some decades to occur, but the focus should be on avoiding disaster whenever the
phenomenon strikes.

From the geophysical and geotechnical parameters obtained, it could be said that
majority of the sites within the earthquake-prone areas have relatively competent
subsurface. Only Tetegu East and the Airport City showed relatively incompetent
materials. With this, the nature of buildings should be carefully looked at to ensure
there is no resonance effect in case an earthquake event occurs. Areas with weak
overburden materials have low natural frequencies or high fundamental periods. If
high rise buildings which also generally have low natural frequencies or high funda-
mental periods are situated in such sites, there will be a resonance effect in the event
of a high magnitude earthquake. This may lead to the collapse of the buildings and
other engineering structures in those areas, causing fatal disaster. Unfortunately, this
is the situation in Airport city where a fundamental period of 0.68 s was obtained. As
stated earlier, storey buildings with about 6 floors (which can be found in that area)
would have a fundamental period of 0.5 to 0.7 s. During a significant seismic event,
there would be resonance effect, since the building and the subsurface will be oscil-
lating at the same frequency or period. Such an imminent disaster should be avoided
by altering the building designs to avoid resonance.
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Chapter 5

Physical Modeling of Liquefaction
in Various Granular Materials
Vincenzo Fioravante and Daniela Giretti

Abstract

This paper compiles numerous experiences gained from physical models, to high-
light the phenomena of triggering, propagation, and mitigation of liquefaction in
granular soils. Results of tests at different scales, from the element volume (cyclic
triaxial tests) to small-scale models in centrifuge, performed using several granular
soils, will be presented to provide behavioral tools for predicting the phenomenon.
Furthermore, the efficacy of vertical and horizontal drains as liquefaction mitigation
techniques will be discussed.

Keywords: liquefaction, physical modeling, centrifuge, liquefaction assessment,
mitigation

1. Introduction

Cyclic liquefaction is a sudden phenomenon of loss of shear strength and stiffness,
which may occur when a granular and non-plastic soil, whose voids are saturated by
an incompressible fluid, is vibrated at a frequency too high for the soil to comply with
its tendency to contract discharging pore water.

The tendency to contract produced by cyclic and dynamic shear strain, as those
induced by an earthquake, turns into accumulation of excess pore Δu. As Δu rises,
hydraulic gradients establish within a deposit, triggering fluid flow from higher
toward lower hydraulic load. If the tendency to dissipate excess pore pressure is
overcome by the tendency to accumulate pore pressure, the contact pressure between
grains may cyclically reset, zeroing shear strength and stiffness, and the soil starts to
behave like a viscous fluid.

The effects on existing buildings or structures may range from settlement and
tilting up to catastrophic failures.

This chapter deals with earthquake-induced liquefaction and its modeling, from
the element volume scale to the small-scale physical models.

The first part of the chapter describes some experimental observations gained
testing a natural soil that experienced liquefaction during the 2012 Emilia seismic
sequence, in Italy. The most relevant liquefaction manifestations were observed dur-
ing the May 20 shake in the Ferrara Province. The moment magnitude was Mw = 6.1,
with an estimated peak ground acceleration PGA ≈ 0.26 g. The affected sites, located
about 15 km SE of the epicenter (estimated PGA ≈ 0.16 g), exhibited various

79



phenomena, including craters, sand boils, surface cracks, and lateral spreading in free
field areas. Additionally, there were reports of moderate building settlement and tilting
at developed sites. The sandy stratum which underwent liquefaction resulted from the
fluvial processes of the Apennine Reno river during the period spanning from 1450 to
1770. The sand within this layer is normally consolidated and loose. This sand was tested
monotonically and cyclically to find a relationship between its state, and the cyclic
resistance. In addition, it was noticed that sandy deposits of similar origin and age
located in regions closer to the epicenter of the earthquake on May 20, 2012, did not
experience liquefaction, suggesting the hypothesis of potential partial saturation of
these soils. This supposition gains support from the recurring reports of gas emissions
from the soil and the presence of gas within the groundwater, particularly within a few
kilometers of the earthquake’s epicenter. Therefore, cyclic triaxial tests were conducted
on both saturated and unsaturated samples to determine the increase in liquefaction
resistance resulting from partial saturation. P-wave velocity was assumed as a measur-
able variable to estimate the cyclic resistance ratio, CRR of partially saturated sand.

The area where extensive liquefaction occurred in 2012 was assumed as one of the
case studies of the LIQUEFACT project (http://www.liquefact.eu/) and the ground
conditions at those sites were taken as a reference for a large series of centrifuge tests,
which are partly described in the second part of the chapter. The primary objective of
the centrifuge tests was to investigate the seismic response of saturated sandy deposits
when subjected to progressively increasing dynamic actions, ultimately leading to
liquefaction. Concurrently, the campaign aimed to assess the efficacy of various mit-
igation strategies for liquefaction.

At the end of the chapter, a simplified method of liquefaction assessment is pro-
posed, based on the analysis of more than 60 centrifuge cone penetration tests CPTs
on sandy soils and on the results of cyclic laboratory tests.

2. Liquefaction, a case study in Italy

The onset of liquefaction depends on the cyclic shear loading generated by an
earthquake and the cyclic resistance of the soil. The latter is influenced by various
factors, including:

• Grain size and mineralogy (plasticity)

• State of the soil (void ratio and confinement stress)

• Degree of saturation

• Aging, bonding, structure

• Ground conditions (level ground, sloping ground, superficial loads)

Manifestations of liquefaction may range from sand boils, craters, and fissures in
free field conditions to the floating of buried structures, building settlement and
rotations, and lateral spreading of sloping areas. Figure 1 shows, as an example,
liquefaction evidences recorded at the site of San Carlo, in Italy, where liquefaction
occurred during the 2012 Emilia seismic sequence [1]. Liquefied sand flooded out and
submerged large areas of the village, surface ruptures, extensional fissures, sand boils,
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vents, sinkholes, and craters were observed. Technological networks and sub-services
were damaged, while roads exhibited cracks. Tilting of foundations caused damage to
the existing buildings.

The mechanism that takes place during liquefaction can be explained through
cyclic undrained simple shear or triaxial tests carried out on saturated samples.
Figure 2 shows the grain size distribution of the sand liquefied at San Carlo (S3 in
Figure 2a) and its critical state line CLS in the e–p0 plane (Figure 2b). Data of two
other sands, discussed in the following sections, are also shown in Figure 2.

Figure 3 shows undrained cyclic Tx tests on a sample of S3. The test was performed
on a reconstituted sample isotropically normally consolidated at a mean effective stress

Figure 1.
Evidence of liquefaction registered in Italy in 2012 at the site of S. Carlo: (a) external inhabited areas, extensional
crack due to lateral spreading; (b) ground floor flooded by erupted sand; (c) basement floor lifted by sand under
pressure; (d) car lifted up by the ejected sand; (e) building settlement.

Figure 2.
Testing sand’s (a) grain size distribution and (b) critical state lines.
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p0c = 100 kPa. At the end of consolidation, the specimen was characterized by a void
ratio e = 0.79 (state parameter ψ = � 0.073 [2]) and was subjected to a stress deviator
Δq = Δσa = � 36 kPa (i.e. to a cyclic stress ratio CSRTX = Δσa/2p0c = 0.18).

Figure 3a and b display the variations in excess pore pressure (Δu) and axial strain
(εa) plotted against the number of cycles (N). In Figure 3c and d, the deviatoric stress
(q) is depicted in relation to both εa and the mean effective stress (p0). In Figure 3d, the
critical state lines in compression and in extention (CSL) are also plotted, as deduced
from monotonic tests.

Throughout the test, the specimen exhibits a characteristic behavior known as “cyclic
mobility.”As loading progresses, positiveΔu accumulates, while the mean effective stress
p0 approaches zero. From the first cycle onward, the specimen undergoes an alternating
response with incremental dilation (p0 increasing) and incremental contraction (p0

decreasing). The passage from incremental contraction to incremental dilation is known
as phase transformation and the line intersecting transition points, known as the phase
transformation line (PTL), is plotted in the q–p0 plane, as shown in Figure 3d.

The onset of liquefaction occurs when a significant accumulation of cyclic axial
strain (εa) starts after approximately 7–8 cycles. At this stage, the pore pressure ratio
Ru = Δu/p0

c approaches 1, and the effective stresses approach zero. Then the stress
path reverses direction, oscillating between the critical state line in extension and
compression, and the specimen exerts strain hardening, mobilizing sufficient shear
strength to withstand the applied deviatoric load. However, as depicted in Figure 3b,
εa keeps on increasing as the cyclic loading goes on.

Figure 3.
Example of a cyclic triaxial test on S3 (a) the excess pore pressure Δu as a function of the number of cycles N,
(b) axial strain εa vs. N, (c) deviatoric stress q vs. εa, (d) q vs. p0.
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A series of samples of S3 were reconstituted at three values of void ratio: high
(eavg = 0.78, which corresponds to ψavg = � 0.073), medium (eavg = 0.73,
ψavg = � 0.134) and low void ratio (eavg = 0.64, ψavg = � 0.226).

All the specimens exhibited negative ψ after consolidation, as illustrated in
Figure 4a, which shows the initial conditions of the tested samples on the ψ – p0 plane.
During the cyclic Tx tests, all the samples underwent cyclic mobility.

Failure, defined as the states at which double amplitude axial strain εDAa = 5%, is
depicted in Figure 4b. In this figure, the cyclic stress ratio applied in the triaxial
condition (CSRTX) is adjusted to the cyclic stress ratio for simple shear conditions
(CSRSS) in accordance with the methodology proposed in Refs. [3, 4].

CSRSS ¼ CSRTX 1þ 2 k0ð Þ=3 �½ � (1)

where k0 = σ0r/σ0a = 0.43 = stress ratio at rest, from the equation of [5].
The pore pressure ratio Ru values at failure were generally larger than 0.9. The data

in Figure 4b show that the lower the state parameter, the larger the cyclic resistance,
as ψ is an indicator of the direction of volumetric strains, δεv, (dilation or contraction)
during shearing; the stress ratio required to induce liquefaction at a specific number of
cycles is inversely proportional to ψ. This is because, at the same stress level, the
denser the soil the lower the propensity to contract and develop Δu.

Samples corresponding to a particular average ψavg exhibit clear correlations
between cyclic stress ratio and the number of cycles. The slope of these relationships
in a semi-logarithmic plot is highly influenced by the value of ψ and the interpolating
curves can be interpreted through the following function:

CSRSS ¼ a 1–ψð Þb
Nc 1–ψð Þ �½ � (2)

where a = 0.115, b = 3, c = 0.145, empirical constants determined by fitting
experimental data. For a given number of cycles N, Eq. (2) allows to estimate the
cyclic resistance ratio, CRR.

Previous studies have highlighted that the cyclic resistance of soil undergoes a
significant increase even with a minor decrease in the degree of saturation [6–9]. To
investigate the impact of saturation on the cyclic resistance of S3, a series of cyclic
tests were repeated using partially saturated samples. Achieving specific saturation
levels required careful measurement of the amount of deaerated water introduced into

Figure 4.
Cyclic triaxial tests on S3: (a) end of consolidation state parameter and (b) liquefaction resistance for variable
state parameter.
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the samples during flushing. Water circulation was halted once Sr = 80% or Sr = 90%,
was attained. Throughout this process, measurements of the Skempton parameter
(B) and compression wave velocity (VP) were conducted.

Figure 5a and b illustrate the relationship between VP, the degree of saturation Sr,
and B, respectively. VP falls within the range of 750–800 m/s when Sr = 80% (B = 0.1)
and within the range of 900–1200 m/s when Sr = 90% (B = 0.3–0.7). In fully saturated
S3 samples (Sr > 97% and B > 0.98), VP is approximately equal to 1800 m/s. For
VP > 750 m/s, the data in Figure 5a can be approximated using a logarithmic function:

Sr ¼ 0:17 ln VPð Þ � 0:29 �½ � (3)

After the partial saturation process, the specimens were isotropically compressed
to 100 kPa, assuming negligible influence of partial saturation on the mean effective
stress, i.e. p0c = 100 kPa. The consolidated, partially saturated specimens had eavg = 0.7
and ψavg = �0.16, classifying them as medium-dense samples.

It was observed that, under undrained cyclic conditions, the cyclic stress ratio required
to induce double amplitude εDAa increased as the degree of saturation decreased.

The tests revealed that, for the same state parameter and applied cyclic stress ratio,
the development of axial strains and excess pore pressure was slower in unsaturated
samples. The liquefaction condition was achieved for a larger number of cycles
compared to saturated samples.

Unsaturated S3 at Sr = 90% and 80% has, on average, 1.2 and 2.2 times the
resistance of fully saturated S3, as can be seen in Figure 6, where the CRR of
unsaturated samples is normalized against the relating value at full saturation and
plotted versus the degree of saturation, Sr in Figure 6a and versus the compression
wave velocity VP normalized to its full saturation value, VP,sat, in Figure 6b.

The experimental data in Figure 6a can be fitted with an exponential function:

R ¼ CRR at partial saturation
CRR at full saturation

¼ 60e�4:1Sr �½ � (4)

which, combined with Eq. (3), becomes:

R ¼ 197 VP
�0:7 �½ � (5)

Figure 5.
(a) Compression wave velocity VP vs. the degree of saturation Sr, (b) VP vs. Skempton parameter B.
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while the data in Figure 6b can be interpreted through Eq. (6):

R ¼ VP=VP,satð Þ�0:7 �½ � (6)

and the ratio R can be assumed to correct S3 liquefaction resistance accounting for
the effect of partial saturation. Eq. (2) can then be re-written as:

CRR ¼ VP

VP,sat

� ��0:7 a 1–ψð Þb
Nc 1–ψð Þ �½ � (7)

Figure 6.
Cyclic resistance CRR of unsaturated samples normalized to the cyclic resistance of fully saturated samples plotted
vs. (a) the degree of saturation Sr and (b) the normalised compression wave velocity VP/VP,sat.
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3. The ISMGEO seismic centrifuge

The ISMGEO (Istituto Sperimentale Modelli Geotecnici, Italy) geotechnical cen-
trifuge (Figure 7) is a beam centrifuge. Its symmetrical rotating arm has a diameter of
6 m and a nominal radius of 2.2 m to the model base. An external fairing rotates jointly
with the arm for aerodynamic purposes. The centrifuge can reach an acceleration of
600 g bearing a payload of 400 kg [10].

On each side of the symmetric arm, there is a swinging platform that accommo-
dates the model containers, for static tests on one side and dynamic tests on the other
side. One end of the arm is instrumented with a single-degree-of-freedom shaking
table (as depicted in Figure 7b and 8a).

The swinging platform that bears the model for dynamic tests makes contact with
the table in flight at 5 g and is released before further accelerating the centrifuge. The
shaker is capable of replicating real input motions at the scale of the model [11].

Figure 7.
ISMGEO seismic centrifuge: (a) top view and (b) schemes of the centrifuge.
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An Equivalent Shear Beam (ESB) box [12, 13], Figure 8b, is used to simulate
liquefaction. During the flight, the long side of the container is positioned vertically
and aligned parallel to the centrifuge’s rotation axis. This configuration prevents any
distortion effects caused by rotation on the central section of the model, where
the instruments are placed and minimizes complications associated with Coriolis
acceleration, being the direction of shaking also aligned parallel to the centrifuge’s
rotation axis.

4. Centrifuge modeling of liquefaction

The LIQUEFACT project involved an extensive series of centrifuge tests conducted
at ISMGEO. The objective of the tests was to investigate the seismic response of level
ground-saturated sandy deposits, whether homogeneous or stratified, when subjected
to progressively intensifying seismic excitations, ultimately leading to liquefaction.
The experiments also aimed to assess the effectiveness of various liquefaction mitiga-
tion techniques. The tests provided a large database for numerical tools calibration
[14, 15]. A more comprehensive description of the experimentation can be found in
Refs. [16, 17].

In this section, an overview of the experimental details is provided, along with an
analysis of selected results obtained from tests conducted to investigate the triggering
mechanism and the efficacy of vertical and horizontal drains to be employed as
mitigation techniques.

4.1 Modeling details

The tests reproduced level ground sandy deposits, around 14 m deep. The ground-
water table was set at the soil surface. The geometrical scaling factor was N = 50 and
the centrifugal acceleration of 50 g was imposed at the model’s base.

The testing sands are Ticino Sand, herein referred to as S1; a natural, liquefiable
sand named S3, and S2, which consists of S3 after the removal of particles finer than
0.075 mm. Grains size distribution and critical state line of the test sands in the e-p0

plane are shown in Figure 2. The main physical and mechanical properties of the
sands are given in Table 1.

Figure 8.
(a) shaking table installed on the rotating arm and (b) equivalent shear beam box.
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Test ID Soil Density DR
* (%) Void ratio e* State parameter ψ*

M1_S1_GM17 S1 47 0.761 �0.13

M1_S1_GM34 S1 50 0.748 �0.14

M1_S1_GM31 S1 47.5 0.757 �0.13

M1_S2_GM17 S2 65 0.82 �0.2

M1_S3_GM17 S3 56 0.89 �0.17

M1_S1_VD1 & VD2_GM31 S1 47 0.76 �0.13

M1_S1_HD1 & HD2_GM31 S1 54.5 0.74 �0.15

*Average values.

Table 2.
Test program and model characteristics.

S1 S2 S3

γmin (kN/m3) 13.64 12.55 12.18

γmax (kN/m3) 16.67 15.75 15.77

Gs 2.68 2.69 2.69

D50 (mm) 0.53 0.17 0.15

φ0
cs (deg) 34 34.5 34.5

K* (m/s) 2�10�3 10�4 8.4�10�5

*End of consolidation values.

Table 1.
Soil physical and mechanical properties.
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Figure 9.
Model schemes: (a) homogeneous models (M1) made of S1 sand, tested applying GM17 and GM34 ground
motions; (b) M1_S1 model, tested applying GM31; (c) M1 model of S2 sand, tested applying GM17; (d) M1
model made of S3 sand, tested applying GM17; (e) M1_S1 model equipped with vertical drains tested applying
GM31; (f) M1_S1 model equipped with horizontal drains tested applying GM31.
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The models were reconstructed at low density into the ESB container and saturated
under a vacuum pressure of about �60 kPa using a viscous fluid, to avoid the discor-
dance between the scaling ratios for time in dynamic phenomena and in diffusion
phenomena [18].

Table 2 reports the average values of the void ratio and relative density of the
models here discussed, referring to the pre-shaking condition. The average ψ value is
also indicated. Figure 9 depicts the model schemes of the discussed tests, with all
measurements provided at the prototype scale.

The models were instrumented with miniaturized sensors (accelerometers, acc, pore
pressure transducers, ppt, displacement transducers, D) placed along the mid-section.

Some models reconstituted using S1 sand were equipped with flexible silicon pipes,
meant to simulate prefabricated vertical and horizontal drains. The pipe’s external and
internal diameters were 6 mm and 4 mm, respectively (300 mm and 200 mm at the
prototype scale,) and their hydraulic conductivity to water was 1.7 � 10�2 m/s.

The mesh of vertical drains (VDs) was square, with a spacing (S) between drains set
at 5 or 10 diameters (30 and 60 mm, equivalent to 1.5 and 3 m at the prototype scale) in
models VD1 and VD2, respectively. The number of drains was 30 in VD1 and 12 in VD2
models, giving a treated area of about 45 m2 and 54 m2 at the prototype scale.

The mesh of horizontal drains was triangular, S was 5 or 10 diameters (30 and
60 mm, 1.5 and 3 m at the prototype scale) in models HD1 and HD2; the number of
horizontal drains was 10 and 9, giving a treated area of about 9 m2 and 31 m2 in HD1
and HD2, respectively.

4.2 Ground motions

An overview of the principal properties of the input motions employed in the tests
discussed here is provided in Table 3. Figure 10 provides examples of the time
histories generated by the shaking table, and Figure 11 displays the Fourier Amplitude
Spectra (FAS) corresponding to all the motions listed in Table 3. The accelerometer
signals were converted into Fourier spectra using the FFT (Fast Fourier Transform)
algorithm, including the tapering operation; spectra were smoothed using logarithmic
smoothing with a triangular window.

Test ID GMID PGA (g) d90 (s) IA,max (m/s)

M1_S1_GM17 GM17 0.215 15.09 0.348

M1_S1_GM34 GM34 0.222 24.23 0.451

M1_S1_GM31 GM31 0.198 18.63 0.601

M1_S2_GM17 GM17 0.226 13.53 0.32

M1_S3_GM17 GM17 0.211 11.61 0.27

M1_S1_VD1 & VD2_GM31 GM31 0.187 19.83 0.573

M1_S1_HD1 & HD2_GM31 GM31 0.185 19.1 0.467

GMID = ground motion ID; PGA = peak ground acceleration; d90 = duration calculated on the basis of Arias Intensity;
IA,max = maximum arias intensity.

Table 3.
Input motion characteristics.
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4.3 Same sand, input motions of increasing intensity

In this section, the results are compared of tests M1_S1_GM17/34/31 (layout in
Figure 9a and b). GM17, 34, and 31 had similar PGA but increasing IA,max. The time
history of the motions and their FAS are shown in Figures 10 and 11.

Figure 12 shows the isochrones of excess pore pressure of the three models for
instants ranging from 0.3 to 5 times the duration (d90 inTable 3) of the input earthquake.

In interpreting the tests, the liquefaction criterion is assumed to be the point at
which Δu approaches the pre-shock vertical effective stress σ0v0 (represented in the
Figure by an inclined straight line).

Figure 11.
Fourier amplitude spectra of the input GMs.

Figure 10.
Examples of GMs times histories.
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Based on this assumption, complete liquefaction was observed in only one
model, M1_S1_GM31, at mid-depth (ppts 3) and near the ground surface (ppts 4),
see Figure 12c. In this model, at all monitoring points, Δu initially increased to its
maximum value within the first few seconds. Subsequently, at ppts 1 and 2, Δu
began to decrease, nearly simultaneously and well before the conclusion of the
ground motion. Conversely, at ppts 3 and 4, the excess pore pressure remained

Figure 12.
Excess pore pressure isochrones of models (a) M1_S1_GM17, (b) M1_S1_GM34, and (c) M1_S1_GM31 at time
istants ranging fro 0.3 d90 to 5 d90.
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at its maximum level throughout the entire dynamic loading and beyond: the excess
pore pressure equalized the vertical effective stress up to d90 and up to 1.7d90, at the
depth of ppt3 and ppt 4, respectively. In a few cycles of excitation, the model
exhibited a clear separation into two distinct halves: the upper part became fluidized,
while the bottom part remained in a solid state [19].

The fluid state persisted until the conclusion of the dynamic loading, after which
ppt3 began registering a decrease in Δu, signifying that solidification had taken place
at that particular depth. It took an additional period equal to 2 times d90 for the
solidification front to reach ppt4. Following this, the entire soil column solidified,
initiating a reconsolidation process to dissipate Δu.

The occurrence of decay from the model base upward during the earthquake
suggests that the response of the sand to the seismic loading is a partially drained
process. As the soil undergoes dynamic strain and starts to generate excess pore
pressure, it simultaneously begins to dissipate this Δu [20, 21]. During the earthquake,
Δu represents a balance between generation and dissipation.

In the lower half of the model, dissipation predominated over generation after a
few loading cycles, leading to an upward fluid flow, that is, from higher Δu levels
toward lower values at the surface. In the upper half (ppt3 and 4), the generation
induced by the shaking and the inflow from greater depths outweighed dissipation.
This led to a hydraulic gradient reaching a critical value, causing the soil to liquefy and
remain in a fluidized state until the end of the seismic loading (d90 at the depth of
ppt3) or even longer (1.7d90 at the depth of ppt4).

The above is confirmed by the evolution of surface settlement, as depicted in
Figure 13. At the conclusion of the recording, the total surface settlement St
amounted to 265 mm. Notably, 30% of this settlement occurred within the initial
2.5 seconds, a period during which all the ppts recorded a rise in Δu; 67% of the
total settlement developed during the ground motion, resulting from the
combination of drainage, sedimentation, and reconsolidation. Only 33% of the St could
be attributed to post-seismic settlement, arising from solidification and reconsolidation.

Regarding models M1_S1_GM17 and M1_S1_GM34 (depicted in Figure 12a
and b), the seismic motions applied had very similar PGA compared to GM31, but
they had lower values of the maximum Arias Intensity (IA,max), as detailed in
Table 3. Specifically, IA,max was 0.348 for GM17, 0.451 for GM34, and 0.601 for GM31.

Both models exhibited a peak Δu at all depths within the first few seconds of
loading but they did not liquefy; Δu began decreasing thereafter. The dominant

Figure 13.
Ground surface settlement.
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mechanism was excess pore pressure generation only during the initial few seconds,
after which dissipation and drainage became predominant.

Furthermore, the surface settlements in both models were predominantly associ-
ated with the seismic event and a great part of the final settlement in both models
developed during the initial phase of excess pore pressure accumulation: 84% in
model M1_S1_GM17 and 50% in model M1_S1_GM34. The settlement attributed to
rapid drainage during the initial earthquake phase, characterized by the development
of a high hydraulic gradient, was higher than the settlement resulting from post-
earthquake reconsolidation.

4.4 Same input motion, different sands

In this section, an analysis is conducted on three tests performed on models
reconstructed with various sands and subjected to the same input motions (model
M1_S1_GM17, scheme in Figure 9a, results in Figure 12a; models M1_S2_GM17 and
M1_S3_GM17, schemes in Figure 9c and d, results in Figure 14a and b). It should be
noted that, although the same reconstitution procedure was followed, S2 and S3
exhibited greater compressibility (reflected in the slope of the critical state line, as
shown in Figure 2b). During the saturation process and subsequent in-flight consoli-
dation, these models settled more compared to S1.

Figure 14.
Excess pore pressure isochrones of models (a) M1_S2_GM17 and (b) M1_S3_GM17 at time istants ranging from
0.3 d90 to 5 d90.
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As a result of these differences, M1_S2 and M1_S3 achieved a higher relative
density than M1_S1 at the conclusion of the Ng consolidation phase. Specifically, the
relative density of M1_S2 was 18% higher, and that of M1_S3 was 9% higher, as
indicated in Table 2.

As model S1 described above, neither model S2 nor S3 experienced liquefaction
(Δu < σ0v0).

Model S2 (Figure 14a) developed very low pore pressure at every depth except at
ppt5. At this depth, once the max Δu was attained, dissipation was triggered at a very
low rate. The soil beneath ppt5, instead, continued to accumulate pore pressure
slightly, even after the dynamic phase had concluded.

The lower values of Δu observed in S2 compared to S1 can be attributed to the
lower initial ψ, as indicated in Table 2. This initial condition led to a reduced tendency
for the soil to contract during dynamic loading and, consequently, resulted in minor
soil surface settlement, as illustrated in Figure 13. In total, 90% of the ground surface
settlement was associated with the seismic event, confirming the occurrence of partial
drainage during seismic excitation.

In the case of the natural S3 sand model, which experienced a less intense earth-
quake, the values of excess pore pressure were similar to those observed in model 2
except near the ground surface (ppt5), where the Δu values were lower and dissipa-
tion onset during the earthquake but at a very slow rate, while the soil below contin-
ued to accumulate pore pressure slightly, even after the dynamic phase had
concluded. As a result, the S3 deposit exhibited a lower overall ground settlement, as
shown in Figure 13.

Figures 12a, 14a, and b reveal that S1 exhibited a considerably higher dissipation
rate compared to both S2 and S3 sands. After the seismic shock had concluded,
dissipation in S1 was at 50% at all depths. In contrast, S2 and S3 were still accumulat-
ing below the depth of ppt5, which was close to a permeable boundary represented by
the surface.

When the data recording was interrupted, the lower half of models 2 and 3 had not
yet initiated the dissipation of Δu. This observation aligns with the permeability
values of the three sands at the test density, as presented in Table 1. Specifically, S1
exhibited a permeability that was an order of magnitude higher than that of S2 and S3.
S3, despite having a fine content of 12%, being slightly looser during the test com-
pared to S2 had similar permeability.

Figure 15.
Ru of shallower and deeper ppts vs. max arias intensity.
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From the Δu measures from tests in Figures 12 and 14, the pore pressure ratio
Ru = Δu/σ0v0 has been computed.

In Figure 15 the max Ru registered at the base ppt (ppt1 in all models), and at the
shallower ppts, are plotted as a function of the IA,max of the input earthquake
(Table 3). The results of three additional tests (M1_S1 models equipped with a
shallow foundation F) non-discussed herein are also reported (measures from the free
field part of the models).

The distribution of Ru for both the deepest and the shallowest ppt seems unique and
follows a sigmoid function, as indicated by the interpolation curves outlined in the
Figure. For IA,max equal to 0.6, the shallower part of the model reaches the liquefaction
condition, meanwhile, at the bottom of the container Ru does not exceed 0.6.

The end of recordings settlements are plotted in Figure 16 vs the max Arias
Intensity and describe an S-shape function.

4.5 Liquefaction mitigation using vertical and horizontal drains

Figure 17 shows the isochrones of excess pore pressure Δu measured in the models
equipped with vertical and horizontal drains (test layout in Figure 9e and f, FAS of
the applied input options in Figure 11).

As highlighted above, the shallower half of the untreated model M1_S1_GM31
underwent complete liquefaction, while liquefaction was prevented in the treated
areas of both configurations of vertical drains.

As expected, the larger the spacing the lower the Δu reduction. The extent of VDs
efficacy can be appreciated in terms of Ru in Figure 15, where ppts 1, 3 and 5 are
shown and compared with the sigmoid functions obtained from untreated models.

The lower Ru observed at ppt3 and ppt5 is attributed to the influence of the drains.
This conclusion is supported by the measurements at ppt1, which are consistent with
the Ru function depicted in Figure 15: ppt1 was positioned at the model base, a
significant distance (20 diameters) away from the treated area where the drains were
installed.

In both VD1 and VD2 configurations, the maximum Δu was reached within a few
seconds, followed by Δu decay. This decay process began well before the conclusion of
the ground motion. Consequently, by the end of the seismic loading, more than 50%
of the measured Δu had dispersed, in stark contrast to the untreated model.

Figure 16.
Superficial settlement vs. max arias intensity.
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Figure 17.
Excess pore pressure isochrones of models (a) M1_S1_VD1_GM31, (b) M1_S1_VD2_GM31, (c)
M1_S1_HD1_GM31, and (d) M1_S1_HD2_GM31 at time istants ranging from 0.3 d90 to 5 d90.
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The superficial settlements were exclusively co-seismic. In terms of the balance
between Δu generation and dissipation, vertical drains made the latter phenomenon
prevalent after just a few cycles of loading. VDs reduced the rate of Δu accumulation,
the maximum Δu, and accelerated the rate of Δu decay.

D2 (D1 not working) recorded a final settlement of 244 mm. The difference with
the 265 mmmeasured in M1_S1_GM31, which is slightly less than�10%, is considered
to be within the range of experimental variation and is consistent with the settlement
expected for the applied intensity based on the Settlement-S-function depicted in
Figure 16.

The primary effect of drains is indeed to prevent Δu accumulation. However,
if no densification is induced by their installation they do not impact the sand’s
tendency to contract and generate excess pore pressure when subjected to seismic
vibrations.

Thus, in free field conditions, the effectiveness of drains in limiting
settlements is negligible, as drains primarily facilitate the dissipation of excess pore
pressure (Δu) without preventing the soil from undergoing strain. However, in the
presence of buildings, drains are also effective in mitigating settlements. By
preventing soil liquefaction, they help prevent the sinking of buildings [22–24],
provided that they are adequately distributed beneath the entire footprint of the
structure [25].

As to the models treated with HDs, account has to be taken for the applied input
motion weaker than in models with VDs and in the untreated model. As discussed
above, tests on untreated models have shown that IA,max influences both the max Ru
and the superficial settlements.

To assess the effect of horizontal drains (HDs) despite the weaker input motion,
the Ru functions of Figure 15 can be used as a reference. For IA,max = 0.467, at the
depth of ppt1 and ppts 3/5 Ru values of approximately 0.3 and larger than 0.9 were
expectable. The measured values were 0.26 and 0.5.

Ru = 0.26 is comparable to the expected value and is considered within the range
of experimental variation. Ru = 0.5 implies that HDs induced a reduction in Ru of
about �45%, confirming their effectiveness.

Regarding surface settlements, the models with HDs developed settlements equal
to 95 mm and 130 mm in HD1 and HD2, respectively. These values are consistent
with what was expected for IA,max = 0.467 based on untreated models (as shown in
Figure 16). This confirms that HDs are effective in preventing the accumulation of
excess pore pressure and liquefaction but do not significantly influence Δu generation
and subsequent settlement due to reconsolidation.

As with vertical drains (VDs), in the presence of HDs, the maximum Δu was
reached within a few seconds, and Δu decay began prior the end of the dynamic
loading, albeit a little slower than in the models equipped with vertical drains.

5. Liquefaction assessment using a simplified procedure

Liquefaction resistance is typically determined through the interpretation
of field test results using empirical correlations based on the results of
standard penetration tests [26] or, more effectively and widely, cone penetration
tests [27–31].

Both the cone penetration resistance qc and the undrained cyclic resistance CRR of
an uncemented and unaged soil depend on its nature, stress level, and density, that is,
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on its state parameter ψ, which allows to anticipate the direction of volumetric strains,
δεv, (dilation or contraction) during shearing.

Therefore, ψ can be used to relate CRR to the tip resistance of CPTs.
In this section, the results of centrifuge CPT tests and cyclic undrained triaxial tests

carried out on S1 sand are used to link CRR to the cone resistance.

5.1 Cyclic resistance of S1

Undrained cyclic Tx tests on S1 were performed on reconstituted samples,
isotropically consolidated at p0

c = 100 kPa.
The consolidated void ratio of the specimens was: eavg = 0.742, which corresponds

to ψavg = � 0.132, eavg = 0.676, ψavg = � 0.201 and eavg = 0.582, ψavg = � 0.295.
Figure 18 illustrates the applied cyclic stress ratio CSR as a function of the

number of cycles at which the double amplitude axial strain εDAa reached 5%
(assumed as failure criterion). The Ru values at failure varied from 0.8 to 0.97. Only
the samples TS4_14_01 and TS4_14_03 developed εDAa less than 5%, so their failure
condition was considered as the attainment of Ru = 0.95, at N = 60 and N = 900,
respectively.

In Figure 18, CSRTX is converted into CSRSS via Eq. (1); for S1, k0 = 0.44 and
CSRSS = 0.63�CSRTX. Figure 18 shows also the interpolation curves of the experimen-
tal data using Eq. (2), which, calibrated for S1, returns the following calibration
coeffcients: a = 0.071, b = 7.8, c = 0.177.

5.2 Calibration chamber centrifuge CPTs in S1

A series of 27 centrifuge CPTs were carried out on dry S1 models, reconstituted at
low (e ≈ 0.63), medium (e ≈ 0.73), and high void ratio (e ≈ 0.82). The tests were run
at three levels of centrifugal acceleration: 30 g – 50 g – 80 g, corresponding to
increasing values of effective stresses.

Calibration Chamber (CC) CPT tests carried out by [32, 33] show comparable
penetration resistance for dry and saturated conditions.

A miniaturized electrical piezocone (diameter dc = 11.3 mm, apex angle of 60°,
sleeve friction 11.3 mm in diameter, and 37 mm long) was employed for the tests
(Figure 19).

Figure 18.
Cyclic strength of S1.
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Figure 20 shows the measured tip resistance qc represented vs. the mean effective
stress p0:

p0 ¼ σ0v 1þ 2 k0ð Þ=3 kPa½ � (8)

σ0v = vertical effective stress, computed accounting for the acceleration field
distortion;

Figure 20.
CPTs in S1: tip resistance qc as a function of mean effective stress p0 (computed adopting k0 = 0.44).

Figure 19.
Model scheme and model picture with a view of the ISMGEO miniaturized piezocone before penetration.
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k0 = σ0h/σ0v = stress ratio at rest.
The values of ψ at rest at the beginning and stop of penetration are highlighted in

Figure 20. The soil models are rather homogeneous and the tests are repeatable. A
less-than-linear rise of qc with p0, for a given void ratio, can be observed.

As shown by [34–37], during the penetration the void ratio can decrease (contraction)
or, more likely, increase (dilation) due to shearing. Dilation causes a stress increment
around the tip, with respect to the stress value at rest, proportional to the dilatancy.
Dilatancy can be related to the state parameter ψ at rest, before penetration [37].

Consequently, the two major contributions of qc can be considered:

• the overburden stresses at the depth of the tip, herein represented by the mean
effective stress p0;

• the increment of stresses around the tip caused by the penetration, due to
dilatancy, representable by ψ.

In a homogeneous centrifuge model, ψ at rest increases with depth, so the dilative
tendency of soil decreases.

So, what happens around the tip during the penetration is an increase in stress level
which causes qc to rise, and a contemporary decrease in the soil dilative tendency, so a
rate of increase in qc reduction.

To separate these two major effects, the following procedures were followed. The
effect of stresses at rest at constant ψ has been defined as:

qc=pa ¼ f p0=pa
� �β �½ � (9)

The exponential function represents the impact of the overburden stresses at the
depth of the cone tip on qc. The best fit of the experimental constant ψ cone resistance
profiles gave β = 0.8, a slightly lower value than 1, as recommended by [38]. In this
paper, the measured cone resistance was normalized using this β value as follows:

qc=pa

� � � pa=p
0� �0:8 ¼ qc

∗ �½ � (10)

and qc* is plotted as a function of p0 in Figure 21.

Figure 21.
Normalized tip resistance q* as a function of mean effective stress p0.
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Removing the influence of p0 on qc through the normalization, the effect of ψ on qc
can be appreciated in Figure 21: while crossing less dilative soil (rising of ψ with
depth), the reduction of dilatancy around the tip causes a non-linearly qc* reduction.
In a constant ψ soil profile, qc* would have been nearly constant with depth.

The effect of ψ on qc* is highlighted by plotting qc* vs. ψ, as shown in Figure 22.
The trend in Figure 22 can be interpreted with the following equation [38]:

qc
∗ ¼ k � e–mψ �½ � (11)

where m and k are dimensionless fitting parameters, equal to:
m = 8.1, k = 28.3 (12,720 data, R2 = 0.96).
It’s worth noting that k is the normalized qc* value when ψ = 0, while m indicates

the influence of dilatancy on the cone resistance at a given of ψ.
The normalized cone resistance can be re-written as:

qc=pa

� �� ¼ p0=pa
� �β k � e–mψ �½ � (12)

which represents the dependency of qc on the overburden stresses acting at the
depth of the cone and on the soil dilative tendency at that depth.

5.3 CRR from CPT trough ψ: a simplified method

Ψ can be assumed as an independent variable governing both the cyclic stress
resistance and the normalized cone resistance of the tested soils, and the ciclic
resistance ratio, CRR can be derived by combining Eqs. (2) and (12):

CRR ¼
a 1þ 1

m ln q ∗
c
k

� �h ib

Nc 1þ 1
m ln

q ∗c
k

� �� � �½ � (13)

where a, b, c, m, and k are the fitting parameters of Eqs. (2) and (12). These
parameters have been calibrated for two sands other than S1: S3, described above (see
[1]) and Toyoura sand (TOS [39]). These parameters are:

• Toyoura sand: a = 0.037, b = 10.7, c = 0.247, m = 9.8, k = 23.9

Figure 22.
Normalized q* vs. the state parameter ψ.
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• S3: a = 0.115, b = 3, c = 0.145, m = 7.42, k = 27.44

• S1: a = 0.071, b = 7.8, c = 0.177, m = 8.1, k = 28.3

Values of m and k of Eq. (12) are also available for other two silica sands tested in
centrifuge [40], Fontainebleau NE34 (FNE34S. 90% quartz, 8% feldspar, 2% mica)
and Stava Sand (SS, 55–60% quartz, 20–25% feldspar, 16% fluorite, 7–8% calcite). The
latter is a natural sand containing 30% of non-plastic silt, obtained from the mine
tailings dam in Stava (Italy), which collapsed the 19th of July 1985 [41]. The fitting
parameters are:

• FNE34S: m = 9.4, k = 17

• SS: m = 5.3, k = 57

The qc*-ψ curves of all the tested sands are shown in Figure 23. A total of 64 CPTs
are displayed. For each sand, a trendline is represented in Figure 23. An average
relationship for all the sands is drawn in yellow. Its equation is:

qc
∗ ¼ 30:6 � e–8ψ �½ � (14)

Eq. (13) and the set of average fitting parameters given in Table 4 can be used to
derive CRR from qc measured in situ. The parameter β of Eq. (10) is 0.8 in clean sand
and can be assumed equal to 1 in the presence of silty sand.

Eq. (13) turns into Eq. (15) to account for the degree of saturation:

CRR ¼ VP

VP,sat

� ��0:7 a 1þ 1
m ln q ∗

c
k

� �h ib

Nc 1þ 1
m ln

q ∗c
k

� �� � �½ � (15)

Figure 23.
Normalized qc* vs. ψ for five sands. The yellow curve is the average relationship.

A b c m k

0.074 7.17 0.19 �8 30.6

Table 4.
Average fitting parameters of Eq. (13).
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6. Conclusions

This chapter deals with earthquake-induced liquefaction and its modeling, from
the element volume scale to small-scale physical models.

The first part of the chapter describes a case study in Italy presenting some
experimental observations gained through cyclic undrained simple shear and triaxial
tests carried out on saturated samples of a natural soil that experienced liquefaction
during the 2012 Emilia seismic sequence.

The cyclic resistance ratio CRR of a granular soil has been expressed as a
function of the applied number of cycles N and on the state parameter ψ, through
Eq. (2).

To evaluate the increase in liquefaction resistance due to the partial saturation
reference can be made to the velocity of compression waves through Eq. (7).

The second part of the chapter describes the centrifuge modeling of liquefaction;
some details of the Italian seismic apparatuses are given. Some results of a large
campaign of physical model tests are presented. The tests have shown that in free field
conditions, the distribution of max Ru vs. the max Arias intensity follows a sigmoid
function.

In the particular test layout discussed here, the function was found to be indepen-
dent of the specific testing sand. This suggests that it can be adopted to predict Ru for
earthquakes with varying maximum Arias Intensity. Also, the superficial free field
settlements appear to follow a unique S-shaped settlement function.

Vertical and horizontal drains, applied as a liquefaction mitigation technique, do
not affect Δu generation; instead, their action is to prevent the accumulation of
excess pore pressure, thereby avoiding liquefaction. However, they do not mitigate
the volumetric strains induced by dynamic loadings. As a result, the settlements
observed in models equipped with both horizontal drains and vertical drains are
comparable to those measured in untreated models for the same earthquake intensity.
Therefore, in free field conditions, drains have limited effectiveness in reducing
settlement.

The third part of the chapter describes the results of combined centrifuge and
laboratory experiments conducted to derive the cyclic resistance of soil from the cone
penetration resistance.

The cone penetration resistance may be linked to the state parameter via Eq. (12).
Eqs. (12) and (2), combined, turn into Eq. (13), which can be used to assess the

liquefaction resistance of sandy soil from in situ CPTs, and which, with respect to the
empirical correlations typically used in the geotechnical practice, has the advantage of
a direct experimental calibration.
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Chapter 6

Comparison of Site Response
Analysis (SRA) According to
Ground Modelling and Structure
Consideration
Haeam Kim

Abstract

When an earthquake occurs, the seismic motion is amplified as it passes through
the ground layers. In addition, even for the same earthquake, the magnitude of the
ground response on the ground surface varies depending on the ground condition.
Determining the response within the ground following an earthquake is called site
response analysis (SRA), and a general standard procedure is to perform site response
analysis using the 1D (one-dimensional) wave propagation theory. However, in the
case of one-dimensional site response analysis, complex topography, ground surface
changes, and effects on structures are not included. Therefore, evaluating the reason-
able ground response that may occur in the actual field is necessary. This article
analyses ground amplification phenomena according to modelling differences through
2D (two-dimensional) and 3D (three-dimensional) modelling that can consider com-
plex topography in addition to 1D. In addition, the nonlinear characteristics of the soil
and the interaction between the soil and the structure were considered, and time
history analysis was performed to identify the realistic dynamic behaviour character-
istics of the soil and structure.

Keywords: site response analysis, free-field analysis, time-history analysis, finite
element method, dynamic geotechnical analysis, numerical method, soil-structure
interaction (SSI)

1. Introduction

The amplitude and frequency characteristics of seismic waves propagated through
bedrock change depending on the characteristics of the ground they pass through
until they reach the surface. In the case of vibration characteristics, it is affected by
various causes such as earthquake magnitude, distance to the epicentre, duration, and
site support characteristics.

When examining past earthquake records, despite the same earthquake, different
seismic accelerations occurred on the ground surface where the structure was located
depending on the ground conditions, and the extent of the resulting damage was also
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different. Therefore, the dynamic response of a structure during an earthquake is
determined by the composition of the ground supporting the structure. Therefore,
Site Response Analysis (SRA), which analyzes the amplification in the ground when
an earthquake occurs, is the first step and an essential factor in evaluating the stability
of a structure caused by the earthquake.

The SRA is an important factor that determines the dynamic characteristics of a
structure, and various studies have been conducted on the reliability of the analysis. In
the early stage of the study, due to the limitation of computer performance, the
reliability study of equivalent linear analysis with simple input variables and short
analysis time was the main focus. A representative study verifies the recorded motion
of the rock outcrop and ground surface free field of the Northridge earthquake that
occurred in Los Angeles, USA [1]. However, recent studies are focused on the lack of
reliability of the results of equivalent linear analysis when the complex ground layer
shape and surface cannot be considered, and the shear strain is significant. Therefore,
various methods have been studied to solve these disadvantages, and various analysis
methods and software have been developed for this purpose.

In this article, the Hardening soil in small strain material model, which is a non-
linear model that can more accurately consider the deformation of the soil, was
applied. And the ground was modelled in 1D, 2D, and 3D to compare the ground
response results according to modelling changes. In addition, the structure was
modelled in 2D and 3D models that can consider the structure, and the results of the
site response were compared.

2. Site response analysis (SRA)

Site Response Analysis, also called free-field analysis, refers to a method and
process for obtaining the response within the ground to a given seismic input in the
unexcavated ground state before the structure is built when the location to be
constructed is determined (Figure 1) [2].

Generally, 1D equivalent linear analysis, which is relatively simpler than other
analysis methods, is widely used for SRA. This assumes that all soil layers are elastic
halfspace horizontal bodies without separately modelling the soil layer, so it is

Figure 1.
Schematic representation of site response analysis.
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assumed that the response of the ground is affected only by shear waves propagating
vertically from the bedrock [3]. It can be expressed as the amplification function A ωð Þ
when a shear wave is incident perpendicular to the fault elastic ground laid horizon-
tally on the elastic rock halfspace.

A ωð Þ ¼ H ωð Þj j ¼ U 0,ωð Þ
U hs,ωð Þ
����

���� ¼
1

cos ωhs
Vs

� ����
���
≥ 1 (1)

Where H ωð Þ is the complex transfer function, U z,ωð Þ is the magnitude of
horizontal displacement at depth, ω is angular frequency, hs is the depth, and Vs is
shear-wave velocity of the soil layer. For ω hs

Vs
¼ π

2 þ nπ, with n ¼ 0, 1, 2, 3… , the
amplification function has a tendency to infinity, which means resonance. Here, when
n= 0, ω is equal to the natural or fundamental frequency of the layer and is calculated
as follows.

ωn ¼ π Vs

2hs
, ƒn ¼

Vs

4hs
(2)

The amplification function can be modified to account for the effect of energy
dissipation in the soil. A straightforward approach is to assume that the material
damping is viscous. Applying damping means that the displacement amplitude asso-
ciated with the resonant frequency is no longer infinite, and Eq. (1) is modified by [2].

A ∗ ωð Þ ¼ H ∗ ωð Þj j ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos 2 k hsð Þ þ ξ k hsð Þ2

q (3)

where κ is the wave number and is the ξ damping ratio.
As mentioned above, in the case of 1D equivalent linear analysis, it is assumed that

the ground is an elastic halfspace of horizontal material, so it cannot reasonably
consider irregular strata or surface topography. In the case of a valley or basin ground
shape with accumulated sediments, complex waves can be generated due to multiple
refraction and reflection effects of seismic waves, leading to long-duration ground
motions and high amplification [4]. Therefore, in this case, appropriate ground shapes
should be considered through 2D and 3D model applications according to the site
shape (Figure 2).

As such, 2D and 3D model evaluations must be performed to properly apply the
irregular strata or topography of the actual site. However, going from one dimension

Figure 2.
Complex transfer functions and mode shapes of fault soils on bedrock [5].
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to the next involves several problems. First, it is impossible to construct a 2D shape
that perfectly matches the dynamic motion of an actual 3D shape [6]. In addition, it is
known that 2D models with the same dimensions and material properties generally
overestimate the dynamic stiffness and radiation damping of soil due to geometric
wave diffusion [2].

When a structure is built on soft ground, the seismic wave characteristics at the
bottom of the foundation vary depending on the shape and characteristics of the
structure. Therefore, the seismic behaviour of a structure built on soft ground also
differs significantly from that built on bedrock [7].

3. Hardening soil (HS) model

Schanz et al. [8] designed the Hardening Soil (HS) model to reproduce basic soil
macroscopic phenomena such as soil densification, stress-dependent stiffness, plastic
yielding, etc. Unlike other models, such as the Cap model or the Modified Cam Clay
(as well as the Mohr-Coulomb model), the magnitude of soil deformation can be more
accurately modelled by incorporating three input stiffness parameters corresponding
to the triaxial loading stiffness (E50), the triaxial unloading-reloading stiffness (Eur)
and the oedometer loading factor (Eoed) (Figure 3) [9, 10].

4. Analysis conditions

For numerical analysis, PLAXIS software developed by Bentley Systems was used,
and in the case of PLAXIS, various ground material models are loaded, enabling
various deformation analyses of the ground. In addition, it is possible to simulate
complex ground deformation, such as dynamic analysis by earthquake load.

This article studies the effect of ground amplification on modelling changes
according to 1D, 2D, and 3D for the same ground condition during an earthquake. In
addition, in 2D and 3D analysis, the effect of the structure on ground amplification is
compared by applying the structure.

Figure 3.
Hyperbolic stress-strain relationship.
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4.1 Element dimension

In dynamic analysis, an element’s size is an important consideration. Unlike 1D
modelling, which only considers height, 2D and 3D modelling must also consider
width and depth. Discretizing the space is very important because the wave propaga-
tion in the continuum must be modelled in 2D or 3D. If the element size in the finite
element analysis is too large, the results for high-frequency bands are inaccurate, and
if the element size is too small, the results may appear unstable [11].

Therefore, to reduce this error, the maximum frequency transmitted by the ana-
lytical model can be estimated based on the largest element or zones within the
slowest material, as shown in the following Eq. [6, 12].

△lmax ≤
λmin

10
≤

Vs,min

10 ƒmax
or ƒmax ≤

Vs,min

10Δλmax
(4)

where △lmax is the maximum dimension of the element, λ the wavelength of the
passing wave, Vs is the layer’s shear-wave velocity and ƒmax is the maximum frequency
of interest, which is typically around 10 to 15 Hz.

4.2 Boundary

Dynamic analysis using the finite element method, various ground boundary
conditions can be applied. In particular, if the boundary conditions are not
adequately established in the numerical analysis modelling process during dynamic
analysis, correct results may not be derived because the input earthquake may be
reflected from the modelling boundary conditions and may occur larger than the
actual ground deformation due to the earthquake. Therefore, the boundary condition
can be applied by dividing the bottom and side parts. The bottom part applied a
compliant base (infinite boundary), and the side part was used with free-field
conditions.

4.3 Input ground motions

Time-history analysis was applied for SRA, and determining the input seismic
wave at this time is essential in securing the reliability of analysis and evaluation.
Therefore, for seismic design, it is necessary to reflect the characteristics of the area
where the structure is located and, at the same time, satisfy the design standards
suitable for the level of the structure. However, in this analysis, since the effect on
ground amplification is the main concern, Koyna and Nahanni earthquakes with
different frequency characteristics were used to increase the reliability of the analysis
(Figure 4).

The Koyna earthquake occurred in 1967 near Koynanagar town in Maharashtra,
India. The magnitude 6.6 shock hit with a maximum Mercalli intensity of VIII. The
Koyna earthquake is believed to be triggered by a fluid pressure change due to the
reservoir’s water percolation into the subsurface [13].

The Nahanni earthquake occurred in 1985 in the Nahanni region of the Northwest
Territories, Canada. The magnitude 6.9 shock hit with a maximum Mercalli intensity
of VI. The Nahanni earthquakes mainly occurred along fault planes, so fault activity is
known as the leading cause of earthquakes [14].
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The Peak Ground Acceleration (PGA) of the Koyna earthquake recorded is 3.35 m/
s2 (0.34 g), and the characteristics of the frequency of the Koyna earthquake through
the Fourier transform are confirmed to have frequency components in various inter-
vals from 2.5 to 10 Hz. The PGA of the Nahanni earthquake recorded is 4.80 m/s2

(0.49 g), and the frequency characteristics of 2.0 to 3.0 Hz are confirmed.
In the case of the Koyna earthquake, the PGA is lower than that of the Nahanni

earthquake, but the frequency range is wide, and the shorter period characteristic is
more significant than that of the Nahanni earthquake. In the case of the Nahanni
earthquake, the PGA is significant, but the frequency is characterised by a long period.
Through the characteristics of these different earthquakes, we tried to secure the
reliability of the analysis by considering the effects of the other natural frequencies of
the structure and the ground.

4.4 Damping

According to the Rayleigh damping formula, the damping matrix C is a linear sum
of the mass matrix M and the stiffness matrix K as a function of the Rayleigh coeffi-
cients α and β.

C½ � ¼ α M½ � þ β K½ � (5)

Here, α and β are proportional constants between mass and stiffness, and the
relationship between the natural frequency and the damping ratio for the nth mode is
as follows.

Figure 4.
Time history and fast Fourier transfer of (a) Koyna and (b) Nahanni earthquake record.
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ξn ¼
1
2

α
1
ωn

þ βωn

� �
(6)

If the damping ratios for the ith and jth modes, which are the two main modes, are
ξi and ξj, α and β can obtain the following simultaneous equations.

≈
ξi
ξj
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¼ 1
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1=ωi ωi
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� �
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� �
! α
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� �
¼ 2ωiωj

ω2
j � ω2

i

ωj �ωi

�1=ωj 1=ωi

� �
ξi
ξj

( )
(7)

Such damping is called Rayleigh damping, and the damping matrix at this time is
called a Rayleigh damping matrix or a proportional damping matrix.

In applying Rayleigh damping, it is important to note that the two modes (ith and
jth modes) must be properly calculated to guarantee a reasonable damping ratio for all
vibration modes contributing to the response (Table 1).

ξ (%) ƒ1 (or ω1) (Hz) ƒ2 (or ω2) (Hz) α β

Structure 2.0 0.840 3.862 0.1734 0.0014

Soil 5.0 0.778 0.816 0.2502 0.0099

Table 1.
Input value of Rayleigh damping.

Set1
(limestone)

Set2
(sand)

Set3
(clay)

Set4
(sand)

Set5
(silt)

Set6
(fill)

Eref
50 (kN/m2)

Secant stiffness in standard drained
triaxial test

190,000 75,000 15,000 8500 8500 10,000

Eref
oed (kN/m2)

Tangent stiffness for primary
oedometer loading

190,000 75,000 15,000 6150 6000 10,000

Eref
ur (kN/m2)

Unloading/reloading stiffness

575,000 300,000 50,000 25,750 23,000 30,000

M (�)
Power for stress-level dependency
stiffness

0.3 0.55 0.7 0.7 0.9 0.5

c0 (kN/m2)
Cohesion

200 1 25 6 30 10

∅0 (°)
Friction angle

35 38 20 28 32 25

ψ 0 (°)
Dilatancy angle

0 6 0 6 10 0

νur (�)
Poisson’s ratio for unloading/
reloading

0.2 0.2 0.15 0.29 0.3 0.2

KNC
0 (�)

K0-value for normal consolidation

0.43 0.38 0.66 0.8 0.8 0.58
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4.5 Materials

In the case of soil material models, the most widely used model is the Mohr-
Coulomb (MC) failure model. Numerical analysis is also widely used because the
input parameters are more straightforward than other material models [15]. There-
fore, the MC model is suitable for failure with large shear deformation during the
collapse and is mainly used for stability analysis of dams, slopes, embankments, and
shallow foundations [14]. However, in the case of the MC model, it is not easy to
reasonably reflect other ground behaviour conditions during loading and unloading.

The Hardening Soil model was developed to more accurately reflect the ground
behaviour by supplementing the disadvantages of the MC model. Among them, in the
case of Hardening Soil in Small Strain, accurate simulation is possible in evaluating
ground amplification caused by earthquakes (Table 2).

The structure was concrete, and a linear material model was used (Table 3).
In Figure 5, the shear-wave velocity according to each layer of the ground is to be

evaluated, and the average shear-wave velocity of the entire ground can be confirmed.
This soil profile belongs to site class ‘D’ as per the classification of ASCE/SEI 7-10
(Figure 6) [18].

The following is figure about the ground and structures applied to 2D and 3D
numerical analysis. The 2D model is mainly used as a plane stress or plane strain
model and has the advantage of less analysis time and fewer errors because it is
simpler than 3D modelling. However, since the 2D model can be applied only when
the evaluation target satisfies the model conditions, 3D model analysis is often
required to evaluate the actual site’s response accurately.

Set1
(limestone)

Set2
(sand)

Set3
(clay)

Set4
(sand)

Set5
(silt)

Set6
(fill)

Gref
0 (kN/m2)

Reference value of the shear strain

1,000,000 281,250 90,000 59,883 53,076 50,000

γ0:7 (�)
Shear strain at which Gs = 0.722G0

0.00005 0.0002 0.00025 0.0003 0.003 0.0002

Υ (kN/m3)
Soil unit weight

23.0 19.0 19.0 18.5 18.5 20.0

Es (kN/m2)
Soil Elastic modulus

1,040,000 277,000 151,400 150,900 139,100 89,480

Table 2.
Soil model parameters for hardening soil model with small strain [16].

Foundation Column Wall

E (kN/m2)/Elastic modulus 35.16 � 106 (35,160 MPa)

Υ (kN/m3)/Unit weight 25.0

ν (�)/Poisson’s ratio 0.2

A (m2)/Area 0.75 0.28 0.30

Table 3.
Structure material parameters.
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Figure 5.
Rayleigh damping [4].

Figure 6.
Soil and shear-wave velocity profiles [17].

Figure 7.
Ground layer information in 2D and 3D analysis models.
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To maintain the same conditions as possible with the 2D model during 3D
modelling, the aspect ratio of the structure was set to 1:4. When applying an
X-direction earthquake, it was modelled to behave in one direction like the 2D analysis
(Figure 7).

4.6 Case study

In this article, the analysis is modelled in 1D, 2D and 3D to check the effect of
ground amplification according to dimension. Therefore, modelling was conducted
for each dimension to confirm this effect, and a sufficient distance was placed in the
evaluation area to minimise the effect of boundary conditions (Figure 8).

In addition, an evaluation considering the structure was performed to find out the
effect of the structure on the site response amplification (Figure 9).

5. Results

When an earthquake occurs, dynamic motion amplifies depending on the ground,
and even for the same earthquake, the magnitude of the ground response on the
surface varies depending on the consist of the ground. In this article, 2D and 3D
modelling, including a basic 1D model, was performed for the same ground to simu-
late such ground conditions, and an analysis of ground dynamic motion amplification
was conducted using PLAXIS software. In addition, modelling a structure in the
centre of the ground, an analysis of the amplification change of the ground dynamic
motion was also conducted when the structure was considered.

Figure 8.
Finite element analysis mesh without structure (a) 1D, (b) 2D, and (c) 3D [18].
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5.1 Site response result according to modelling dimension

The following results from peak ground response acceleration in each stratum
according to the difference between 1D, 2D, and 3D models. As a result of the analysis
showed very similar peak acceleration results for both Koyna and Nahanni earthquakes in
1D and 2D models. However, in the case of the 3D model, a difference of up to 24%
occurred in the case of the Koyna earthquake, and a difference in maximum acceleration

(a)

(b)

Figure 9.
Finite element analysis mesh with structure (a) 2D and (b) 3D.

Figure 10.
Peak acceleration results of each dimension by the depth (a) Koyna and (b) Nahanni.
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of 16% appeared on the surface. In addition, Nahanni earthquake results also showed a
difference in peak acceleration of up to 43% and 23% on the surface (Figure 10).

As a result of 1D, 2D, and 3D analysis, the maximum acceleration occurred at the
bottom level (�)57.0 m, which is Limestone (Set 1) for both Koyna and Nahanni
seismic waves. In general, peak acceleration up to Sand (Set 4) tends to decrease, and
then it tends to increase up to the ground surface.

In the soil profile applied to this analysis, the maximum acceleration occurs at the
point where the earthquake is input, and no section amplified than the maximum
acceleration of the input earthquake is generated within the soil.

For the ground surface, which is the location where the structure is installed and is
the most important in ground response, the acceleration according to the time and
response spectrum was also reviewed, and the change in peak acceleration according
to the periods was also examined.

In the response spectrum results, the 3D model results showed a slightly different
tendency from the rest of the analysis results. Overall, a higher response acceleration
occurred in the 3D model results over the entire period.

As a result of the response spectrum, the maximum acceleration occurred when
the period of the structure was 0.51 sec (1.96 Hz) in the Koyna earthquake, and the
maximum difference in the magnitude of the acceleration occurred by 44%. In the
Nahanni earthquake, when the period of the structure was 0.55 seconds (1.82 Hz), the
magnitude of the acceleration showed a difference of up to 31% (Figure 11).

 

Figure 11.
Acceleration according to time and response spectrum results (a) Koyna and (b) Nahanni.
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5.2 Site response change according to structure consideration

In the 2D model, ground amplification results according to the consideration of the
structure resulted in a maximum amplification difference of 12% and 22%, respec-
tively, in the case of maximum acceleration in the two earthquakes. In the case of the
Koyna earthquake, the maximum acceleration at the surface was 2% depending on the
presence or absence of structures, and the difference in amplification was not signif-
icant, but in the case of the Nahanni earthquake, a substantial difference of 22%

 
 

 

Figure 12.
Peak acceleration by depth, acceleration according to time and response spectrum results in the 2D model with or
without structure (a) Koyna and (b) Nahanni.
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occurred. In addition, the acceleration results tendency according to the surface’s time
was similar for both earthquakes.

However, in the case of response acceleration according to the period in the
surface layer, the maximum response acceleration when applied to structures was
reduced by 47% in the case of the Koyna earthquake and by 43% in the case of the
Nahanni earthquake (Figure 12).

In the 3D model, the result of ground amplification according to the consideration
of the structure showed that both earthquakes had the maximum acceleration differ-
ence in the ground surface and were amplified by 10 and 17%, respectively, when the
structure was considered. In the 2D results, the maximum acceleration of the surface

Figure 13.
Peak acceleration by depth, acceleration according to time and response spectrum results in the 3D model with or
without structure (a) Koyna and (b) Nahanni.
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when the structure was considered was smaller than when the structure was not
considered. The acceleration results over time showed similar trends for both earth-
quakes regardless of whether structures were considered. Despite the significant dif-
ference in the maximum response acceleration according to the period in the surface
layer, the maximum response acceleration decreased by 5% in the Koyna earthquake
and only 2% in the Nahanni earthquake when the structure was installed (Figure 13).

The following results from the shear stress-strain for each earthquake according to
depth. Since the closer to the ground surface, the greater the effect of the structure,
the shear stress-strain result also showed a more significant difference in the result
with or without structure the closer to the ground surface.

In the case of the Koyna earthquake, a more considerable shear strain occurred
than the result of the Nahanni earthquake. Depending on the depth, a difference in
shear strain of up to about 10 times occurred, and a significant decrease in shear
stiffness was confirmed in the Koyna results compared to Nahanni earthquake
(Figure 14).

In the case of the Koyna earthquake, it is possible to check the strain hardening
section due to the generation of max shear strain greater than that of the Nahanni
earthquake. In addition, the difference in ground acceleration according to with or
without the structure is considered to occur more in Nahanni than in the Koyna
earthquake. However, shear strain showed a more significant difference in Koyna
than in Nahanni.

Figure 14.
Depending on the depth, the shear stress-strain hysteresis curve of results in the 3D model with or without structure
(a) Koyna and (b) Nahanni.
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That is, even in the same soil condition, the peak acceleration and shear strain
occurring in the ground can vary greatly depending on the characteristics of the
earthquake.

6. Conclusions

Ground amplification during an earthquake must be identified to determine the
design response spectrum, liquefaction evaluation, and seismic load applied to the
structure required for the seismic design of the structure. And since SRA is essential to
predict this, it can be said that securing the reliability of the analysis is the most
important thing.

Therefore, SRA was performed under several conditions in this article, and the
following conclusions were obtained.

1.Regarding site response analysis considering only the ground, a significant
difference occurred in the 3D analysis result from other results. In 1D and 2D
models, vibration occurs only in the X direction, when is the direction in which
the earthquake is applied, but in 3D analysis, vibration occurs in the Y direction
even if the direction of the earthquake is in the X direction. In addition, SRA
using a 3D model requires additional boundary conditions than other models,
and since the Rayleigh damping value changes according to the range of the
frequency during nonlinear analysis, it is judged that these differences gather
and cause a large difference in the result value.

2. In the SRA considering the structure, if the vibration occurs due to the
earthquake, inertial force is generated in the structure due to these vibrations.
The forces transmitted to the structure in this way are dissipated through the
foundation ground again in wave energy. In this analysis result, a significant
difference in acceleration amplification was shown depending on whether or not
a structure was considered in the response spectrum result of the 2D. In addition,
it was found that the characteristics of the response spectrum showed an
amplification effect in the low-frequency band compared to the case where the
interaction between the ground and the structure was considered. In other
words, when the structure was not considered, the ground amplified
significantly.

3.Different results from the peak acceleration result were shown in the case of the
shear strain occurring in the ground. In the case of the maximum ground
acceleration, depending on whether or not the structure was considered, a larger
difference occurred in the Nahanni than in the Koyna earthquake, but in the case
of shear strain, on the contrary, a large difference was shown in the Koyna
earthquake. Therefore, it is necessary to analyse the response amplification of the
ground considering various earthquake records.

In conclusion, a larger acceleration amplification occurred when the 3D model was
used than other results. Therefore, in the case of SRA using a 3D model, additional
analysis of factors that can affect the response results, such as boundary conditions
and Rayleigh damping, is required to analyse the differences from other analysis
models.
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Chapter 7

Generation of Site-Dependent
Earthquake Ground Motion
Parameters
Prem Nath Maskey

Abstract

The Kathmandu Valley, with many monumental and heritage structures, lies in a
zone of high seismic risk. The neo-tectonic activities in the Himalayan region and the
unconsolidated soil sediment are the major reasons for the high intensities of the
ground motion in the valley. The conservation of the monument zones against the
possible future earthquakes has been an issue of global concern. A probabilistic
method to simulate the seismic ground motion parameters specific to sites lying in
earthquake-prone region with a limited earthquake records is presented. Seismic
hazard curves indicating the seismicity of a site is developed, risk consistent spectral
shapes and corresponding power spectral density functions are obtained using empir-
ical relationships, and ground acceleration time histories are simulated using Monte
Carlo technique. One dimensional wave propagation analysis, with consideration of
both linear and nonlinear behaviors of soils, is carried out to obtain the free field
ground motion and the input response spectra for the structures. The method is
illustrated by determination of site-specific seismic ground motion of three
Bhaktapur city sites in the Kathmandu Valley. The significant influence of linear or
nonlinear behavior of soil in the free field ground motion is observed in the monu-
ment zones.

Keywords: ground motion time histories, power spectral density functions, response
spectrum, seismic hazard curve, wave propagation analysis

1. Introduction

Seismic response analysis of structures at a site is an essential step toward the
earthquake risk mitigation. Apart from the determination of seismic hazard potential
of the site, the ground motion parameters specific to the site are required for the
analysis of the structures in the site. These values for a site depend on the
earthquake source mechanism, geologic path from source-to-site, and soil sediment
properties of the site. Most of the regions in developing countries are characterized
by a long history of earthquakes but with the lack of adequate earthquake records.

129



The prevalent codes may give some features of design earthquake value for a site
facilitating the general design process, but mere such codal values may not
represent the realistic ground motion characteristics specific to the site. A realistic
ground motion representation for a specific site may be considerably different
from the values stipulated in the codes, which are basically developed for general
purpose of design and applicable for a large region or zone. The development of
ground motion parameters specific to a site in a probabilistic format could result
into an improved method of design. A region with varying soil sediment characteris-
tics may have to be microzoned with different possible ground motion at the
free field.

The site-dependent earthquake ground motion for seismic input may be in the
form of time histories, power spectral density, or response spectra. In the absence of
enough earthquake records for a site, generation of such earthquake ground motions is
the best alternative. The simulation of ground motion time histories for a specific
region plays a vital role in generation of a realistic ground motion representation for
a site.

Many researches have been carried out and results are available in the literature on
generation of ground motion parameters based on the earthquake records. Tan [1]
obtained response spectra from a set of simulated acceleration time histories gener-
ated based on evolutionary power spectrum, using 159 strong-motion records in
Taiwan. A simulation technique for strong ground motion based on seismic hazard
analysis for the Philippines was presented by Torregosa et al. [2]; using the database
for historical earthquake occurrences from 1907 to 1998, ground motion time histories
for major cities of Philippines were developed. Barranco-cicilia and Silva-ballesteros
[3] developed a methodology to obtain ground motion time histories matching
response spectra of seismic zones of Mexico City and compared with the real earth-
quake recorded in 1985. Ishii et al. [4] proposed a methodology for simulation of
earthquake ground motion, for probabilistic risk assessment of structures, character-
ized by the parameters in terms of Peak ground acceleration, acceleration response
spectra, and ground motion duration. Most of the researches carried out on generation
of ground motion and reported in the literature are based on the historical earthquake
records. The researches on ground motion applicable to regions with scanty or no
earthquake records is not many.

In view of need to generate ground motion due to possible earthquakes in future
specific to a region characterized by a long history of earthquake but with a limited
record, a probabilistic method to simulate the ground motion is presented. In the
method, probabilistic seismic hazard analysis is carried out to obtain the hazard curve,
indicating the seismic hazard potential of a site. The hazard analysis is extended to
determine the risk-consistent response spectra at the bedrock level using empirical rela-
tionship of spectral ordinate with earthquake magnitude and source-to-site distance.
Risk-consistent acceleration time history is simulated from the power spectral
density function based on the spectral shapes at the bedrock level. One-dimensional wave
propagation analysis is carried out to estimate the soil sediment effect at the site for
linear, as well as nonlinear conditions. Free field hazard curves and the ground motion
parameters, especially the risk-consistent response spectra are obtained considering the
soil amplification.

The proposed method is numerically illustrated by its application in generation of
earthquake-induced ground motions for sites of Bhaktapur city, representing a typical
area of Kathmandu Valley.
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2. Probabilistic seismic hazard analysis

A probabilistic seismic hazard analysis is carried out to identify the seismic hazard
potential of a site of interest. A seismic hazard curve, representing a relation between
the seismic intensity parameter in terms of peak ground acceleration (PGA) and its
annual probability of exceedance, can be used as basic information in estimation of
seismic force on structures of the site of interest. The seismic hazard curve is obtained
following the procedure outlined by Cornell [5] and Der Kiureghian and Ang [6]. The
annual occurrence rate of the intensity parameter ‘A’ (PGA) exceeding a specified
value ‘a’ for a particular site is obtained by

ν A≥ að Þ ¼
X
k

νK
X
j

X
i

P A≥ a jmi, rj
� �

PK mið ÞPK rj
� �

(1)

Where PK mið Þ and Pk rj
� �

represent the probability mass function of magnitude
and distance from site to earthquake sources at the k�th zone, respectively. νK is the
annual occurrence rate of earthquakes in the zone k. P A≥ a jmi, rj

� �
is the conditional

probability of ‘A’ exceeding ‘a’ given mi and rj.
The events of earthquake occurrence are assumed to be independent of each other

in time and space, that is, Poisson’s process, and accordingly, the annual probability of
exceedance is obtained by the relation

P A≥ að Þ ¼ 1� exp �ν A≥ að Þf g (2)

Since the probability of occurrence of earthquakes of large magnitudes is very low,
the distribution function for magnitude of earthquake is assumed to be a simple expo-
nential distribution. The mean annual rate of exceedance of magnitude m is given by

λm ¼ 10a�bm ¼ exp α� βmð Þ (3)

Where 10a is the mean yearly number of earthquakes greater than or equal to zero,
and b describes the relative likelihood of large or small earthquakes. The probability
density function (PDF) of the magnitude of earthquake is obtained by

PM mð Þ ¼ βe�β m�m0ð Þ (4)

In which, β = 2.303b and m0 is the lower threshold magnitude of earthquake,
earthquakes smaller than which are eliminated, andm is the magnitude of earthquake.

3. Extended hazard analysis

The risk-consistent response spectrum at the site of interest is developed for given
interval of seismic intensity parameter for the purpose of seismic input values for
response analysis of structures. Peak ground acceleration (PGA) is adopted as the
seismic intensity parameter to obtain the risk-consistent response spectra, as was
considered in the development of seismic hazard curve.

The risk-consistent response spectrum at the bedrock is obtained by an empirical
relationship, which relates the normalized ordinates of response spectrum with the
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magnitude of earthquake and the source-to-site distance. The typical empirical atten-
uation equation of the spectral acceleration for the evaluation of spectral shape given
by Takemura et al. [7] is:

ln Sa Tð Þ ¼ a Tð ÞM� b Tð Þ lnX þ c Tð Þ (5)

in which, Sa Tð Þ is the spectral acceleration at bedrock in cm/s2,M is the magnitude
of earthquake, X is the source-to-site distance in km,T is the time period in second,
and a (T), b(T) and c(T) are coefficients that are determined by regression analysis of
earthquake motions and are given in the form of curves as shown in Figure 1. These
values are valid for normalized response spectrum corrected to 2% damping.

The probabilistic estimation of the response spectra of ground motion is done by
expanding the method to evaluate seismic hazard as described in Section 2. In the
method, it is assumed that a normalized response spectrum normalized by its maxi-
mum acceleration SN Tð Þ value is an empirically determined function of magnitude M
and distance R (epicentral or hypocentral), and, as a second-order approximation that
it is a log-normally distributed random variable. Accordingly,

SN ∗ ¼ ln SN Tð Þ ¼ ln SN M,R,Tð Þ (6)

in which, T represents the natural period.
The conditional probability mass function of magnitude and distance given that

the intensity parameter A (PGA in the case) is between a1 and a2 due to an earthquake
event in the kth zone, denoted by Pk mi, rj=a1≺A≤ a2

� �
is given by

Pk mi, rj=a1≺A≤ a2
� � ¼ P a1≺A≤ a2=mi, rj

� �
Pk mið ÞPk rj

� �
Pk a1≺A≤ a2ð Þ

¼ P a1≺A≤ a2=mi, rj
� �

Pk mið ÞPk rj
� �

P
j

P
i
P A≥ ajmi, rj
� �

Pk mið ÞPk rj
� �

(7)

in which, Pk mið Þ and Pk rj
� �

represent the probability mass functions of magnitude
and distance from source-to-site distance at the kth zone, respectively. The conditional
mean value of the natural logarithm of response spectrum for the kth zone is given by:

Figure 1.
Variation of constants with time period.
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S
∗
NK ¼ Ek S ∗

N Tð Þja1 <A≤ a2
� �

¼
X
j

X
i

S ∗
N mi, rj,T
� �

Pk mi, rjja1 <A≤ a2
� � (8)

The conditional mean value, considering all seismic zones, is given by:

SN Tð Þ ¼ E S ∗
N Tð Þja1 <A≤ a2

� �

¼
X
j

X
i

S ∗
N mi, rj,T
� �

Pk mi, rjja1 <A≤ a2
� � (9)

Where νk represents the annual occurrence rate of earthquake in the k�th zone.

4. Power spectral density function of ground motion

A power spectral density function (PSDF) is obtained from the response spectrum
using an empirical relationship derived by various investigators. Der Kiureghian [6]
has proposed the following relationship to obtain the PSDF, which is adapted in the
present method.

Sb ωð Þ ¼ ω pþ2ð Þ

ωp þ ωf
p

2ξω
π

þ 4
πτ

� �
D ω, ξð Þ
ps ωð Þ0

� �2
,ω≥0 (10)

in which, ω is frequency in radians per second, τ is the duration of earthquake
shaking and is taken as 15 sec, ps(ω)0 is the peak factor of white noise, and ωf and p are
two constants, which can be obtained by iteration procedure. In the present study, the
values ωf and p are taken as 0.705 and 3.0 as suggested by Der Kiureghian [6]. D(ω,ξ)
is the ordinate of the risk-consistent response spectrum for displacement, and Sb(ω) is
the PSDF of acceleration. The relationship given by Eq. 10 is ideally suited if the
process is relatively broad-banded. If the process is narrow-banded, then suitable
values of ωf and p are to be obtained by iteration procedure and the method of spectral
analysis no more remains attractive.

5. Simulation of ground motion time history

In general, the earthquake ground motions for a site are generated based on the
seismic ground motion characteristics provided from real earthquake records. It has
been well recognized that in the absence of adequate earthquake records and paucity
of such records generation of earthquake-induced ground motion time histories com-
patible with an elastic response spectrum, such as stipulated in practical codes, will be
an acceptable procedure.

Considering the strongest earthquake ground motion as a stationary zero-mean
random process with Gaussian distribution, and being expressed by a spectral density
function Sb(ω), sample ground acceleration time histories €vg tð Þ are obtained by using
the spectral representation method proposed by Shinozuka and Deodatis [8]. The
strong ground motion, in this method, is considered of a series of harmonic compo-
nents, having deterministic amplitudes and random phase angles:
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€vg tð Þ ¼
ffiffiffi
2

p XN
n¼1

An cos ωntþ φnð Þ (11)

where An is the amplitude of the harmonic component given by
An ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Sb ωnð ÞΔωp

; ωn = nΔω is the frequency beyond which Sb(ω) can be
considered zero, and φn are N independent random phase angles uniformly
distributed between 0 and 2π. Thus, sample earthquake-like ground acceleration
time histories, which are consistent with the risk considered, are simulated at the
bedrock level.

6. Site response analysis

The hazard curve and the risk-consistent ground motion parameters obtained for
bedrock level are modified considering the soil sediment amplification effect to
obtain the free field parameters at a site. For the purpose, site response analysis is
essentially carried out by a one-dimensional wave propagation analysis (Figure 2).
The soil profile above the bedrock is generally multilayered having different soil
properties in each layer. For a certain input excitation at the bedrock level, some
of these layers can undergo nonlinear excursion. The one-dimensional wave
propagation analysis is carried out by numerical integration of the equation of
motion in the incremental form for a prescribed time history of acceleration at the
bedrock level [9].

The PGA amplification due to the overlying soil is obtained considering two con-
ditions, namely linear and nonlinear behavior of soil layers. The free field PGA is
obtained by multiplying the PGA at the bedrock level by the PGA soil amplification
factor. The conditional probability in Eq. (1) is then modified by considering the free
field PGAs in place of bedrock PGAs to modify the bedrock seismic hazard curves into
the free field hazard curves. The time history of the free field absolute ground accel-
eration is found by integrating the equation of motion for the soil layers subjected to
the base acceleration for both linear and nonlinear conditions. The risk-consistent
response spectrum of absolute acceleration at the free field is obtained from the free
field time history of the absolute acceleration.

Figure 2.
One-dimensional wave propagation analysis.
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7. Numerical illustration

The application of the proposed method is illustrated by determining the site-
dependent earthquake ground motion parameters for sites of Bhaktapur City, a typical
region of Kathmandu Valley. Seismic hazard curves and risk-consistent ground
motion parameters are determined for sites of the Bhaktapur City, which is
surrounded by eight identified active faults as the earthquake sources.

7.1 Ground motion parameters at the bedrock level

The seismic hazard curve and the risk-consistent ground motion parameters at the
bedrock level are computed for the center of the city because these values do not
significantly vary across the length and breadth of the city due to not large dimension
of the city. The important parameters for the calculation of the seismic hazard curve
are shown in Table 1.

The same table also presents the seismic characteristics of the eight earthquake
sources. The average rate of threshold magnitude exceedance for each of the potential
earthquake sources is given, based on Eq. (3), by the following:

νi ¼ exp αi � βi moð Þ (12)

in which, α = 2.303a and β = 2.303b, and.
mo = the lower threshold magnitude of earthquake, which is set to 4.5 in the study.
Since there is no attenuation law developed for the region due to scanty earthquake

data, 24 various existing empirical attenuation relationships are used for calculation of
the seismic intensity in terms of PGA at the bedrock level of Bhaktapur City. These 24
empirical attenuation laws, as described by Douglas [10] are by: 1. Taleb; 2. Donovan
and Bornstein; 3. Donovan; 4. Esteva and Rosenblueth; 5. Davenport; 6. Merz and
Cornell; 7. Cornell, Banon, and Shakal; 8. Battis; 9. Fukushima and Tanara; 10.
Ambresseys and Bommer; 11. Tento, Franceschina and Marcellini; 12. McGuire; 13.
Orphal and Lahoud; 14. Milne and Davenport; 15. Mickey; 16. Ohashi; 17. Joyner and
Boore; 18. Sabetta and Pugliese; 19. Esteva and Villaverde; 20. Campbell; 21.

# Active
faults

Source-to-site
distance (km)

Mean
annual
rate, νi

Value of
coefficients

Probability density function of
magnitude

Α β M5 M6 M7 M8 M9

1 MCT- 3.3 34.51 5.012 14.279 2.073 0.7365 0.0927 0.0117 0.0015 0.0002

2 HFF-1.13 53.33 1.585 11.976 2.303 0.7304 0.0720 0.0073 0.0007 0.0001

3 LH-4.10 60.12 5.012 14.279 2.073 0.7394 0.0931 0.0117 0.0015 0.0002

4 MBT- 2.5 66.66 1.585 11.976 2.303 0.7293 0.0729 0.0073 0.0007 0.0001

5 MBT- 2.4 95.55 1.585 11.976 2.303 0.7304 0.0730 0.0073 0.0007 0.0001

6 MBT- 2.6 142.22 1.585 11.976 2.303 0.7384 0.0728 0.0073 0.0007 0.0001

7 MBT- 2.3 180.15 1.585 11.976 2.303 0.7288 0.0729 0.0073 0.0007 0.0001

8 MBT- 2.7 230.09 1.585 11.976 2.303 0.7288 0.0729 0.0073 0.0007 0.0001

Table 1.
Seismic parameters of the earthquake sources (faults).
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Abrahamson and Litchiser; 22. Theodulidin and Papazachos; 23. Peng, Wu and Song
(a); and 24. Peng, Wu and Song (b).

7.2 Hazard curve at the bedrock level

The seismic hazard curve for the center of Bhaktapur City at its bedrock level is
constructed as described in Section 2, using the exponential function for PDF for
earthquake magnitude, assuming earthquake occurrence as Poisson’s Process and
adopting 24 available attenuation laws as described above. The hazard curve at the
bedrock level is presented in Figure 3.

7.3 Risk-consistent response spectrum (spectral shape)at the bedrock level

The normalized risk-consistent response spectrum (spectral shape) is obtained
for this site using the empirical relationship between the magnitude of earthquake and
the response spectrum ordinates given by Eq. (5). The values for coefficients a(T), b
(T), and c(T) in the equation are taken from Takemura et al. [7] and are shown in
Figure 1. The normalized acceleration response spectra for the site are obtained for six
various PGA intervals and median values of which are 0.03, 0.08, 0.13, 0.18, 0.23,
and 0.28 g, respectively. Thus obtained risk-consistent spectral shapes for the center
of Bhaktapur City at the bedrock level are shown in Figure 4. As is seen from the
figure, the shape of the acceleration response spectrum is not very sensitive to the
PGA intervals.

7.4 Power spectral density function at the bedrock level

The risk-consistent power spectral density functions are obtained at the
bedrock level for all PGA intervals from their respective risk-consistent response
spectrum, using Eq. (10). The power spectral density function at the bedrock obtained
from the risk-consistent response spectrum for a PGA value of 0.13 g is shown in
Figure 5.

Figure 3.
Seismic hazard curve for the center of Bhaktapur City at the bedrock level.
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7.5 Sample time history of ground acceleration at the bedrock level

Figure 6 presents a sample time history of ground acceleration generated from the
PSDF for PGA level 0.13 g at the bedrock level. Note that PGA value, as read from the
time history, is nearly equal to 0.13 g. The frequency contents of the time history
obtained by Fourier decomposition are shown in Figure 7. It is observed from the
figure that the frequency contents are quite large within the frequency band, where
PSDF has high ordinates, as it would be expected.

7.6 Local soil sediment effects

The soil properties of Bhaktapur City vary from one place to another, and accord-
ingly, the soil sediment effect on the ground motion parameters would not be the
same. Three different sites of Bhaktapur city with their soil profiles are considered to
assess the effect of local soil conditions on the hazard curve and the risk-consistent
ground parameters obtained for the bedrock level. The majority of the soil layers are
either clay or sandy clay. In order to obtain the hazard curve and the site-dependent

Figure 4.
Risk-consistent response spectrum for the Center of Bhaktapur City at the bedrock level (for various PGA
intervals).

Figure 5.
Risk-consistent power spectral density function for the Center of Bhaktapur City at the bedrock level.
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ground motion parameters at the top of each of the three sites, the risk-consistent time
history of ground acceleration generated at the bedrock level is used as the input for
carrying out site response analysis. One-dimensional wave propagation analysis is
performed for both linear and nonlinear soil behaviors to obtain the time histories of
the free field ground accelerations at the sites.

7.7 Free field ground motion parameters

The PGA amplification for the three sites when soil behavior is assumed to be
linear, is shown in Table 2. Evidently, the PGA amplification substantially differs
from one site to the other.

The free field seismic hazard curves constructed considering the PGA amplifica-
tions become different for the three sites. A typical hazard curve at the free field of the
Site No.1 (Durbar Square, Khauma) is shown in Figure 8. The hazard curve at the
bedrock level is also shown in the same figure. The figure indicates that the hazard
curve for the free field provides significantly greater probabilities of exceedance of
PGA values compared to the same for the bedrock.

Figure 6.
Simulated time history of acceleration from the PSDF for the Center of Bhaktapur City at the bedrock level.

Figure 7.
Frequency contents of simulated time history of acceleration at the bedrock level of Bhaktapur City Center.
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The PGA amplification for two sites for different levels of PGA values when
nonlinear behavior of the soil is taken into consideration, is presented in Table 3. It
may be seen from the table that the PGA amplification decreases with the increase in
the input PGA value. It is because the nonlinear effect becomes more for higher level
of excitation resulting in more dissipation of energy within the soil mass. For higher
values of PGA (0.28 g), the free field PGAmay be deamplified (amplification less than
one). It is noteworthy that the PGA amplification is independent of the PGA level at
the bedrock for linear behavior of the soil and is much greater than that for nonlinear
soil behavior for higher values of bedrock PGA. Thus, consideration of actual soil
behavior in the determination of the free field ground motion is extremely important,
especially for higher levels of PGA at the bedrock level. The effect of the nonlinear soil
behavior on the free field hazard curve is shown in Figure 8 in which the hazard

Site No. Location PGA amplification

1 Durbar Square, Khauma 2.67

2 Taumadhi Square 2.10

3 Salan Ganesh Square 1.92

Table 2.
PGA amplification for three typical sites (linear).

Figure 8.
Typical seismic hazard curve (free field and at the bedrock level). at site No. 1 Durbar Square, Khauma.

PGA at Bedrock level Sites

Site no. 1 Site No. 3

Durbar Square, Khauma Salan Ganesh Square

0.03 g 2.40 2.02

0.08 g 1.87 1.89

0.13 g 1.28 1.23

0.18 g 1.03 1.12

0.23 g 1.02 1.11

0.28 g 0.87 0.97

Table 3.
PGA amplification for two typical sites (nonlinear).

139

Generation of Site-Dependent Earthquake Ground Motion Parameters
DOI: http://dx.doi.org/10.5772/intechopen.1003688



curves for linear and nonlinear soil behavior are compared. It is seen that the proba-
bility of exceedance is more for linear soil behavior and difference between the two
increases for higher values of PGA.

Figure 9 presents the free field spectral shapes for the three sites when linear
behavior of the soil is considered. It exhibits that even though the input bedrock
spectral shape remains the same, the shapes of the risk-consistent response spectra can
be significantly different from one site to the other. Comparison of Figures 4 and 9
shows that the peak of the risk-consistent spectrum at the free field may be signifi-
cantly deviated from that at the bedrock level. This clearly shows that the input
excitation to the structures may be significantly influenced by the soil conditions.

Figure 10 presents the risk-consistent spectral shapes for a PGA level 0.23 g for the
same three sites when nonlinear behavior of soil is considered. It is again observed that
the spectral shapes may significantly differ from one site to the other. Comparison of
Figures 9 and 10 shows that the spectral coordinates are drastically reduced near the
peaks when nonlinear soil behavior is taken into consideration.

8. Conclusion

A probabilistic method is presented to generate seismic ground motions specific to
sites, which are earthquake prone but do not have enough recorded data. The seismic

Figure 9.
Normalized risk-consistent response spectrum for free field absolute acceleration at three sites of Bhaktapur City
(linear site response).

Figure 10.
Normalized risk-consistent response spectrum for free field absolute acceleration at three sites of Bhaktapur City for
PGA at bedrock = 0.23 g (nonlinear site response).
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hazard curves are developed from the probabilistic seismic hazard analysis consider-
ing available attenuation laws. The hazard analysis is expanded using empirical rela-
tionship for the spectral ordinate with the earthquake magnitude to find the risk-
consistent spectral shapes at the bedrock level. Sample ground acceleration time
histories are simulated from the risk-consistent power spectral density function at the
bedrock using Monte Carlo technique. The seismic risk is incorporated by using
conditional probability of occurrence of PGA for a particular magnitude of earth-
quake, derived from the set of available attenuation laws. Site response analysis is
carried out by one-dimensional wave propagation analysis to modify the hazard
curves and the risk-consistent ground motion parameters considering the local soil
amplification effect. Both linear and nonlinear soil behaviors are considered. The
methodology is illustrated by generating the hazard curves and the risk-consistent
ground motion parameters for three different sites of Bhaktapur City surrounded by
eight earthquake sources. The results of the study lead to the following conclusions:

The annual probabilities of exceedance of a PGA level at the bedrock level and at
the free field are different. The degree of difference depends upon the soil condition.

The probability of exceedance of a PGA level denoted by the hazard curve is
reduced when the nonlinear behavior of soil is considered; the reduction is prominent
for higher levels of PGA.

The PGA amplification is much less for the nonlinear soil condition, and may even
become less than one.

The risk-consistent normalized acceleration response spectrum at the bedrock
level of the Bhaktapur City is relatively broad-banded.

The spectral shapes at the free field are significantly modified due to the soil effect.
The spectral shapes become broader banded when nonlinear behavior of soil is

taken into consideration in comparison to those corresponding to linear soil behavior.
Modification in spectral shapes due to nonlinearity depends upon the PGA level at

the bedrock. For higher levels of PGA, the effect of nonlinearity is more, the spectral
shape becomes more broad-banded, and more reduction of spectral ordinates takes
place near the peak.
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Chapter 8

Disasters and Housing
Infrastructure: Evidence from
the 2010 Chilean Earthquake
Valeria Yanina Scapini Sánchez
and Cinthya Leonor Vergara Silva

Abstract

In 2010, a severe earthquake occurred in Chile that brought high-impact
destruction effects in the affected areas. It has studied the damage to homes, the
determiners of the cost of reconstruction, and how households finance
reconstruction using the Casen post-earthquake 2010 panel survey. A probit and an
OLS model were used. The results show that houses closest to the epicentre were the
most affected, where damage increased when roofs and walls were in worse condition
or with more vulnerable materials. The reconstruction costs are related to the degree
of destruction, the distance to the epicentre, the condition of the walls before the
event and the house's value. Provinces with more bank branches are associated with a
lower cost. Bank credit is more likely to be used to rebuild in urban areas, when the
head of the household has more years of education and when the repair cost is higher.
Own savings will be used when there is no insurance, the higher the income of the
head of household and the lower repair costs. Finally, subsidies will be an option when
there is no insurance, the repair cost is higher, and for lower income, age, and
education.

Keywords: earthquake, housing damage, cost of reconstruction, funding sources,
natural disaster

1. Introduction

Throughout human history, we have lived with great-scale natural phenomena
that have generated all kinds of losses, altering both the dynamics of communities and
the economic activities associated with the affected areas. The United Nations has
carried out projects that have allowed the increase of attention toward the diverse
threats with which man has to live, amongst the most highlighted is the International
Natural Disaster Reduction Decade [1]. In the same manner, a series of development
policies at an international level have focused on the protection of the vulnerable
related to avoidable losses, leaving natural disasters as an exceptional fact that is not
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part of the development theory [2]. However, social media and technology have taken
a fundamental role in our lives, and this has increased the investigation in the natural
science areas with the goal of improving the capacity to anticipate these disasters, face
them, and mitigate their consequences.

Chile, located within the Pacific Ring of Fire, finds itself in constant exposure to
earthquakes across its territory [3, 4]. These occurrences bring not only damage to
homes and infrastructure but also high economic and social costs linked with recon-
struction efforts [5–7]. This vulnerability was demonstrated when a seismic event on
February 27th, 2010, struck. It registered a magnitude of 8.8, making it the sixth most
powerful earthquake globally, and the second-largest earthquake ever recorded in
Chilean history [8]. The earthquake’s epicenter was offshore, near the Maule Region,
with a focal depth extending to approximately 35 kilometers beneath the Earth’s
surface. This earthquake significantly affected six out of the country’s 15 regions,
encompassing an expanse of 700 kilometers, where 80% of the population resides [9].

Figure 1.
Area affected by the earthquake in Chile, 2010. Source: [11]; United States geological survey (USGS) for
epicentral location data.
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The losses incurred by this event were estimated at 30 billion dollars, equivalent to
18% of the GDP [10]. Figure 1 illustrates the extent of the affected zone by the
earthquake and the regions involved.

In the aftermath, as Chile confronted the intricate interplay of physical destruction
and social upheaval, the event stood as a lasting testament to the importance of
fortifying preparedness, response, and mitigation efforts. It underscored the necessity
of adopting a multidimensional approach that considers both the tangible losses of
infrastructure and the intangible yet equally significant fabric of communities and
societies. Amid an era marked by the proliferation of technology and the intercon-
nectivity fostered by social media, the lessons drawn from this earthquake have
spurred the exploration of innovative scientific avenues to enhance prediction,
response strategies, and ultimately, the reduction of the toll exacted by natural
disasters.

This earthquake is particularly interesting to be studied due to its magnitude,
coverage, and quantity of homes affected. For this purpose, there is panel data
with information at the home level that allows us to explore the destructive power of
the disaster and its socioeconomic effects. This chapter explores the following
questions: How does the distance of the earthquake’s epicenter affect the
probability of home damage, considering the state of the construction before the
event? What are the primary factors influencing the cost of home reconstruction?
Additionally, how do homeowners secure financing for their home repairs or recon-
struction? Does the access to banking institutions affect the cost and capacity of the
reconstruction? In Section 2,The economic impact of natural disasters a literature revi-
sion is conducted, in Section three Methodology, the used data and estimated models
are described, in Section 4, Results the empirical results are presented in conjunction
with the robust tests, and finally, in Section 5, Conclusion the main conclusion are
presented.

2. The economic impact of natural disasters

A natural disaster is a catastrophic event caused by natural forces or processes that
result in significant damage to the infrastructure of settlement, infrastructure damage,
the loss of life, economic costs, and socio-environmental disruption in general. These
events are out of human control and can have devastating consequences for the areas
and affected populations [12]. Some examples of natural disasters include hurricanes,
earthquakes, floods, forest fires, tsunamis, volcanic eruptions, and tornados. Although
natural disasters mainly originate from natural factors, human activity might influ-
ence the gravity and impact. These are known as human factors or man-induced
factors, which we can identify [13]:

1.Terrain and house development usage: Human settlements and infrastructure
located in vulnerable areas can increase the risk and amplify the impact of
natural disasters. For example, the construction in flood propensity planes or in
unstable slopes can produce greater damages through floods or landslides.

2.Land degradation and deforestation: The logging for agriculture or housing
development reduces the natural barriers against disasters. Trees play a crucial
role in the prevention of land erosion, water flow regulation, and the mitigation
of the impact of events, such as floods and landslides.
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3.Climate change: Man-made climate change is altering the climate patterns and
increasing the frequency and intensity of some natural disasters. The global
temperature increase can contribute to the creation of hurricanes, heat waves,
droughts, and severe storms.

4.Deficient housing infrastructure and planning: The inadequate housing planning,
the inadequate zoning, and the weak infrastructure can exacerbate the impact of
disasters. For example, inadequate drain systems can produce an increase in
floods, and poorly constructed buildings are more susceptible to crumbling
during earthquakes.

5.Overcrowding and population growth: The rapid population growth, particularly
in areas prone to threats, can put more people at risk during a natural disaster.
Overcrowding and inadequate preparation for emergencies can obstruct the
efforts of evacuation and increase the number of victims.

6.Early alert and lack of preparation: Insufficient preparation for disaster,
including the absence of early alert systems, can make the evacuation and
opportune response more difficult. Education and awareness about natural
dangers, as well as effective emergency planning, are crucial to mitigate the
impact of disasters.

With it, natural disasters have been studied from different perspectives, including
damage evaluation of infrastructure, risk mitigation, emergency preparation, preven-
tive measures, logistic, social, work, sanitary, environmental, and economic effects
amongst others [12].

Amongst the related studies of natural disasters, we find a line that estimates the
social or economic costs that a seismic event generates in the zones, where it impacts.
This line of study, the World Bank [14, 15] shows that the economic and social cost
has increased in the last years due to growth in population. It also shows that the loss
of life and the destruction of infrastructure in natural disasters delay every type of
program that has as objective the overcoming of poverty given that it generates
deviation of resources for recovery and reconstruction.

On the other hand, Sen [16] establishes that the associated costs of natural disasters
are determined mainly by economic and social factors above the magnitude of the
process. As an example, it points out the earthquakes occurred in Haiti and Chile in
the year 2010, in which the first caused the death of 200.000 and 250.000 people and
damages to the economic infrastructure of the country in more than 100% of the PIB
of the country [17], while the second registered a greater intensity but caused less than
500 deaths and fewer damage to Haitians in relation to the size of its economy [18]. In
this sense, it can be established that natural disasters cause great economic losses all
over the world; however, the damage caused has a direct relation with the country’s
income [19]. Even though the economic losses are greater in developed countries, they
are less in proportion to their PIB in comparison to developing countries [20].

The damages caused by natural disasters can be classified between direct damages
and indirect damages [2]. The direct damages correspond to the damages of the fixed
assets, capital, raw materials, extractable natural resources, mortality, and mobility as
a direct consequence of the disaster. The indirect damages are related to the produc-
tion of estates and services that will not be able to function after the disaster, addi-
tional costs that are incurred due to the necessity of producing or distributing
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alternative assets, and the loss of resulting incomes due to lack of provision of assets
and services or the destruction of the production. Additionally, the secondary effects
correspond to those that have incidence in the global economic performance, and
which measurement is performed through the macroeconomic variables such as the
PIB, the commercial scale, the payment balance, the debt level, international reserves,
and investment [21], where the sensitivity of a country in the face of the impact of
natural disasters can increase according to its level of economic development. Kahn
[22] concludes that in the richest countries less deaths are generated in the face of
natural disasters of equal severity.

For its part, there is a series of studies oriented at quantifying the impact of a
natural disaster, the financial risk associated, and the recovery time. Within this
economic study, we find a strong emphasis on the analysis of the relationship between
the economic situation of the government, the foreigner relations, and the level of
maturity of the financial industry, especially in the insurance market and the risk
transfer [23–27]. In relation to the recovery and the reconstruction at the microeco-
nomic level, Noy [28] establishes that the financial flows play an important role in the
recovery of disaster; therefore, the conditions of the financial market are another
factor to consider to evaluate the consequences of natural disasters. It also points out
that the bigger the domestic credit the costs of the disaster are reduced [17, 29–31].

Benson and Clay [14] study the economic impact of natural disasters considering
government spending and the redistribution of resources to finance the initiative of
the government. They identify that the disasters generate additional costs or partial
financial resources reassignment that are destined for reconstruction, rehabilitation of
public assets, and relay support for the victims. For the insurance and private capital
support to be effective in the reduction of the impact of natural disasters, it is neces-
sary to perform planning and assignments of funds that allow it to fulfill the conse-
quences in an anticipated manner, as well as the mitigation and preparation of
support. They conclude that the reassignment of funds after a disaster must be carried
out through a formal process, designed after a careful strategic revision, and that it is
necessary to increase the financial mechanisms that manage to correctly perform the
risk transfers between different types of disasters and the impact mitigation.

In the same manner, Ghesquiere & Mahul [32] perform a financial analysis of both
public and private with the objective of supporting the development of financial
protection in the face of natural disasters related to different risk levels. It also
identifies that for developing countries is of great importance to develop financial
strategies given their greater vulnerability, as opposed to developed economies that
possess a greater and prolonged usage of resources dedicated to reducing vulnerabil-
ity, such as buildings with better structure or legislative systems that are more
demanding in terms of usage of land and construction. It proposes that the recovery
strategy must be tackled with public resources, as well as with private resources in
relation to the frequency and severity of the risks so as to create a strategy of financial
instruments according to the severity and frequency of each type of disaster. The
proposal is summarized in Table 1.

The financial protection strategies address the symptoms and not the cause of
catastrophes; therefore, a good strategy may help diminish the financial impact that a
calamity can generate. However, it is important to point out that in a global strategy of
catastrophe risk management financial protection is only one component. These
sources of finance are separated into those delivered before and after the disaster. The
tools that come after are sources that do not require planning such as the realignment
of the budget, internal credit, external credit tax increase, and the help of donors. The
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financial tools of risk ex ante require anticipated planning and include disaster funds
or reserves, budgetary contingency, and mechanisms of risk transference [32].

It is important to count on evaluation systems of natural disaster impacts, evaluate
the fiscal sustainability, and vulnerability of the governments and have an optimal
financial structure for the retention of risks and the transfer taking into account the
contingency credits, reserves funds, insurance, and catastrophe bonuses [25].

Finally, there are studies that relate socioeconomic characteristics with the way
natural disasters impact, and in these, it is indicated that when there is clear informa-
tion about the risk zones, the homes located in the riskier zones are more expensive
and are, therefore, in less demand, which should reduce the damage by natural
disaster in the future [33].

3. Methodology

To perform the study different sources were used. First, the data panel house
survey CASEN post-earthquake 2010 was used, of which the population sample
reaches 75.986 people and 21.899 homes samples, which contain socioeconomic infor-
mation at the home level. Second, the distance of the earthquake’s epicenter distance
in relation to the communal capital was used where the home was located, informa-
tion that was constructed for the elaboration of the present study taking the distance
in kilometers between the provincial capital and the epicenter. Finally, the number of
banking branches that existed in each province in the year 2010 was used according to
the information delivered by the superintendence of banking and financial institu-
tions (SBIF).

In our analysis, we employed a controlled regression analysis approach to assess
the relationships between predictor variables and the outcome variable. To ensure
accurate and meaningful results, control variables were incorporated into the regres-
sion models. The inclusion of control variables is a common practice in statistical
analysis to account for potential confounding effects and enhance the precision of our
findings.

For the purpose of clarity and interpretation, we denoted the inclusion of control
variables using the notation “YES” in the table, and this means that the regression
models were constructed with the consideration of additional factors that could influ-
ence the outcome variable. In addition, we consider R-squared metrics that indicate
how much of the variation of a dependent variable is explained by the independent
variables in our recession model. In other cases, we used the term “Pseudo R-squared”
to refer to the coefficient of determination (R-squared) when the explained variable is
categorical and the coefficient of determination cannot be applied. This approach is

Frequency Severity Risk Financial instrument

Low Major High-risk layer Risk insurance for disasters

Mid Mid Mid risk layer Contingency credit

High Minor Low-risk layer Contingency budget and annual budget assignment

Source: Elaborated based on Ghesquiere & Mahul [32].

Table 1.
Financial strategy according to risk and severity.
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similar to R-squares, and they have a similar scale (from 0 to 1) and higher values
indicate a better model.

Incorporating control variables aims to ensure that the analysis captures a com-
prehensive view of the relationships under investigation. This approach allowed us to
mitigate potential bias and produce results that reflect the genuine influence of the
predictor variables on the outcome variable.

The investigation questions are addressed from three thematic: home damage,
reparation costs or home reconstruction, and financial sources.

3.1 Home damage

To study the relation between the earthquake epicenter distance and the home
damage, a nonlinear probability model of binary selection probit is used (Eq. 1),
where the explained variable corresponds to the damage of the home that can have
values 1 or 0 (where 1 indicates that the homes were damaged and 0 that there was no
damage as consequence of earthquake or tsunami). The explanatory variables consid-
ered are the distance from the home to the epicenter of the earthquake (Disi) and a
categorical variable of control (Xi) that indicates the type of holding of the home, the
material of the construction of the home, and its conservation status. Thus, model is as
follows:

PR Damagei ¼ 1
� � ¼ F αþ βDisi þ γXið Þ (1)

Where PR corresponds to the probability, F is the function of the accumulated
normal standard of distribution, and the subindex i corresponds to the home. The
parameters α, β, and γ were estimated by the maximum likelihood estimation. The
results can be interpreted in probability terms so that the sign of parameter estimates
indicates the direction in which the probability moves each time the explanatory
variable increases. Subsequently, the interaction between Dis and X is included to
evaluate if the earthquake has affected the homes in poor conditions in spite of the
distance of these from the epicenter.

3.2 Repair cost

In relation to the main determiners of the costs of reconstruction or repairs of a
home, we estimate an ordinary least squares (OLS) regression models (Eq. 2), where
the dependent variable is the costs of repair or reconstruction of the home (Cost), and
the explanatory variables considered are: the type of property of the home, the num-
ber of banks, the damage degree of the home, the rent value of the home, the distance
of the epicenter, and the state of conservation of the walls, floors, and roofs, leaving
the model to estimate as follows:

Costi ¼ αþ βPropi þ ϑBani þ η Damagei þ ρ Reni þ γ Disi þ δ Xi þ ε (2)

Where Costi represents the estimated cost of the homes repars in millions of pesos,
the variable Bani represents the number of banks that are in the province, and the
degree of damage of the home Damagei is the variable that may take values 0,1,2, and
3 and represents a home without damage, with minor damages, major damages, or
destruction due to the earthquake, respectively; the value of rent of the home Reni
indicates how much rent is paid by the home or how much it would cost if it were to
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be paid,Disi is the distance of the epicenter and Xi represents the state of conservation
of the walls, floors, and roof. The parameters α, β, ϑ, η, ρ, γ, and δ were estimated by
the ordinary least squares method that allows us to find the parameters that minimize
the sum of the squared residuals in a linear regression model.

3.3 Financial sources

To understand how homes finance their reconstruction or repair a probit binary
nonlinear selection of probability is used (Eq. 3), where the explained variable corre-
sponds to the options of finance be it from banks, savings, or subsidies (Fini), and the
considered explanatory variables are the home’s income, age, education level, area,
cost of reconstruction, insurance, number of banks, and distance of the epicenter of
the home i.

PR Finið Þ ¼ F αþ βInci þ ϑAgei þ ηEdui þ ρRuri þ γCosti þ δInsui þ μBani þ ξDisi
� �

(3)

Where the financial options can be from banks, savings, or subsidies and can take
the values 1 or 0 (where 1 indicates that the home utilizes that option, and 0 that it
does not). The considered explanatory variables are the home’s income
Incið Þ, the age Agei

� �
, education level Eduið Þ, rural zone (Ruri variable that indicates if

the home belongs to a rural zone or not), Costi represents the cost of the reconstruc-
tion or repair of the home, insurance (Insui variable that indicates if the home has
insurance or not), the number of banks (BaniÞ, and distance from the epicenter (Disi).
The parameters α, β, ϑ, η, ρ, γ, δ, μ and ξ were estimated by the maximum likelihood
estimation, and the results can be interpreted in probability terms so that the sign of
parameter estimates indicates the direction in which the probability moves each time
the explanatory variable increases.

Finally, to verify the consistency of the statistical models, the statistical t was
calculated, and the significance level of each variable was determined, as well as the
coefficient of determination of each model.

4. Results

The preliminary results in relation to the number of affected homes, and the type
of damage received show that 33.22% of the country’s homes had some kind of
damage after the earthquake and also after the tsunami. Specifically, 21.91% of homes
showed minor damages, 8.06% major damages, and 3.24% were destroyed due to the
earthquake or later due to the tsunami. These results are observed in Table 2.

In relation to the construction material of the homes under the study, the majority
of homes were built from bricks (43.39%), followed by wood partition lined on both
sides (36.42%), and in third place a small percentage of the constructed homes were
adobe, wooden partition without linings and reinforced concrete (around 7% each
one). In general, 20% of the homes showed some kind of damage prior to the seismic
event, that is to say, they had poor conditions in some parts of the construction such as
walls, roof, or floor. These results are observed in Table 3.

In relation to the destruction of the homes due to the earthquakes, we can point out
that de adobe houses are the pens that show a higher rate of destruction (23.99% of
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adobe houses were destroyed), followed by mud houses (17.33% of them) and those
built from waste material or recycled material (13.51% of them). We can conclude that
the destruction of the homes has a direct relation with its construction material. This
can be observed in Table 3.

4.1 Estimated models

In this section, the results of the estimated models are shown. It is important to
note that the significance of the model attributes is evaluated according to the
p-values with the standard scale where [34]:

1.p < 0.01 is considered highly statistically significant. It suggests that there is
strong evidence to reject the null hypothesis, indicating a substantial effect or
relationship in your analysis. This case is represented by three asterisks (***).

All provinces Affected provinces

Number of homes Percentage Number of homes Percentage

Destroyed by earthquake 643 2.94 643 3.69

Destroyed by tsunami 66 0.30 66 0.38

Major damage 1.766 8.06 1.732 9.93

Minor damage 4.799 21.91 4.715 27.04

Not affected 14.625 66.78 10.280 58.96

Total 21.899 100 17,436 100

Source: Own elaboration.

Table 2.
Number of homes affected according to the type of damage.

Construction material Destroyed homes Destroyed homes

% of the total homes % of the construction material

Reinforced concrete 6.56 1.1

Brick 43.39 1.46

Wood partition lined (both sides) 36.42 1.52

Adobe 6.72 23.99

Wood partition unlined 6.82 2.74

Mud houses 0.36 17.33

Waste/recycled material 0.05 13.51

Others 0.02 0

Total 100

Source: Own elaboration.

Table 3.
Number of homes destroyed according to the construction material.
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2.p < 0.05 indicates that there is statistically significant evidence to reject the null
hypothesis, implying a meaningful effect or relationship. This case is represented
by two asterisks (**).

3.p < 0.1 indicates that there is weak evidence against the null hypothesis, and the
effect or relationship may be borderline significant. This case is represented by
one asterisk (*).

The results of the first estimate shown in the methodology are presented in
Table 4. These show that the type of property occupancy has a correlation with the
home damage. In particular, owning a house or renting relates to a lesser probability of
damage or destruction, with a significance of at least 5% while an irregular home
occupancy is related with a higher probability of damage. The negative sign on the
probability of housing damage (e.g., �0.0497 for “owned”) indicates that there is a
4.97% lower probability that an owned home will be damaged.

Second, we find a relationship between the distance from the epicenter and the
damage level or destruction with a significance of 1% evidencing that the further the
distance lesser the damage. Specifically, it means that as the distance to the earthquake
epicenter increases by 200 kilometers, the probability of experiencing housing dam-
age decreases by 10.11% (highly statistically significant). Similarly, the probability of
experiencing housing major damage decreases by 3.27% and destruction by 1.01%.
This means that homes farther away from the epicenter are substantially less likely to
suffer damage, major damage, or destruction during an earthquake. However, this is
an intuitive result, given that the earthquake’s epicenter intensity is greater and
lessens as we move away from this spot.

Lastly, in relation to the poor quality of walls, the variable is highly significant to
1%, and the results show that it relates with a greater probability of damage or
destruction, while the poor quality of floor or roof only correlates with damages and
not destruction.

Damage Major damage Destruction

Owned �0.0497*** �0.0289*** �0.0099***

Rented �0.0279* �0.0162* �0.0048*

Irregular 0.0492 0.0542* 0.0038

Distance �0.1011*** �0.0327*** �0.0101***

Poor wall condition 0.0801*** 0.0676*** 0.0189***

Poor floor condition 0.0276* 0.0117 �0.0019

Poor roof condition 0.1347*** 0.0420*** 0.0044

Fixed construction material effect YES YES YES

Fixed region effect YES YES YES

Observations 17,435 17,435 17,419

Pseudo R-squared 0.128 0.180 0.282

***p < 0.01, **p < 0.05, *p < 0.1. Results elaborated by authors based on post-earthquake survey.

Table 4.
Probability of home damage.
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In the second estimate, we incorporate the variable between distance and the state
of the conservation of the homes to evaluate if the earthquake has actually affected the
homes in poor conditions, in spite of the distance from the epicenter. First, we
evidence the correlation between the distance from the epicenter and the damage or
destruction of the homes. Second, the type of occupancy of the property also shows a
correlation with the damage of the home. In particular, an owned or rented home is
related to a lesser probability of damage or destruction, while an irregular occupancy
of a home is related to a higher probability of major damage. Third, it can be said that
the poor conditions of the walls and the roof are related to a higher probability of
damage and destruction, while the poor quality of the floor only correlates to damage.
Lastly, the included interaction indicates that the homes in poor conditions have less
probability of major damage if they are located farther from the epicenter.

Therefore, for all types of damage (damage, major damage, and destruction),
variables that are highly statistically significant are: 1) Distance, where negative coef-
ficients (�0.0993, �0.0305, �0.0097) indicate that increasing distance from the
earthquake epicenter significantly reduces the probability of home damage, 2)
Owned: Owning a house increase the probability of experiencing damage, major
damage, and destruction decreases significantly were highly statistically significant
(***), for all three types of damage, the negative coefficients (�0.0499, �0.0292,
and � 0.0100) suggest that probability of experiencing damage, major damage, and
destruction decreases significantly, 3) Poor wall condition, where positive coefficients
(0.0950, 0.0838, 0.0235) indicate that poor wall condition significantly increases the
probability of all types of damage, and 4) Poor roof condition, where positive coeffi-
cients (0.1501, 0.0568, 0.0073) indicate that poor roof condition significantly
increases the probability of all types of damage. For all types of damage, the variable
“poor floor condition” is statistically significant and the variable “irregular” is mar-
ginally statistically significant for “destruction” (p < 0.1). It has a positive coefficient
(0.0564) suggesting that irregular homes may have a slightly higher probability of
experiencing destruction, but this result is less robust than the highly significant
variables. In summary, distance, poor wall condition, and poor roof condition are
highly statistically significant predictors of all types of damage, with distance
having a negative effect, and poor wall/roof condition having a positive effect.
Poor floor condition is statistically significant but at a lower level (p < 0.05) for all
types of damage, with a positive effect. Irregular construction type is marginally
significant (p < 0.1) for “destruction” only, with a positive effect. The interaction
term “distance*poor quality” is not statistically significant for any type of damage.
The results obtained are similar to the previous model and are presented in Table 5.

To respond to the second investigation question that has relation to the main
determinants of the reconstruction cost, two estimates were conducted, and the
results obtained are presented in Table 6. We can see that there is a correlation
between the degree of damage and the cost of repair or reconstruction of the home,
and an intuitive result given that the repair cost of a house with small damages should
be less than the cost of the complete reconstruction. In addition, we observe a corre-
lation between the rent and cost variables, in particular, the higher the rent value of
the house, the greater the cost of its repair.

Therefore, in this analysis of “cost,” the number of banks consistently demon-
strated a negative effect on cost, with coefficients ranging from �0.0003 to �0.0002,
suggesting that an increase in the number of banks is associated with lower costs of
repair of the home. However, as the degree of damage increased across various model
setups, “cost” also increased significantly, with coefficients ranging from 1.1627 to
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1.2466, indicating that more severe damage is consistently linked to higher costs.
Higher rental costs were positively associated with “cost” in different model specifi-
cations, with coefficients ranging from 0.0021 to 0.0030, suggesting that areas with
higher rental prices tend to have higher costs. Greater distance from the earthquake
epicenter was found to significantly reduce “cost”in certain model configurations,
with a coefficient of �0.1126, while the quality of walls was positively associated with

Damage Major damage Destruction

Owned �0.0499*** �0.0292*** �0.0100***

Rented �0.0280* �0.0163* �0.0048*

Irregular 0.0509 0.0564** 0.0042

Distance �0.0993*** �0.0305*** �0.0097***

Poor wall condition 0.0950*** 0.0838*** 0.0235***

Poor floor condition 0.0416** 0.0238** 0.0001

Poor roof condition 0.1501*** 0.0568*** 0.0073*

Distance*poor quality �0.0051 �0.0046** �0.0010

Fixed construction material effect YES YES YES

Fixed region effect YES YES YES

Observations 17,435 17,435 17,419

Pseudo R-squared 0.128 0.180 0.282

***p < 0.01, **p < 0.05, *p < 0.1. Results elaborated by authors based on post-earthquake survey.

Table 5.
Probability of home damage.

(1)
Cost

(2)
Cost

(1)
Cost

(2)
Cost

N° banks �0.0003*** �0.0003** �0.0002* �0.0003**

Degree of damage 1.2466*** 1.1627***

Rent 0.0030*** 0.0021*** 0.0029*** 0.0025***

Distance from the epicenter �0.1126*** �0.0501

Quality of the wall 0.1852** 0.1847**

Quality of the floor 0.0392 0.0581

Quality of the roof �0.0053 0.0345

Constant 1.8349*** 2.5043*** 1.7721*** 2.0628***

Fixed construction material effect NO NO YES YES

Fixed region effect NO NO YES YES

Observations 3309 3275 3275 3275

R-squared adjusted 0.3280 0.1018 0.3450 0.1173

***p < 0.01, **p < 0.05, *p < 0.1. Results elaborated by authors based on post-earthquake survey.

Table 6.
Estimated coefficient of the cost of repair/reconstruction.
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“cost” in various model setups, with coefficients ranging from 0.1847 to 0.1852
(which is to be expected given that the closer it is to the epicenter it generates more
damage and vice versa.). Additionally, better roof quality was associated with higher
“cost” in (4) model specifications, with a coefficient of 0.0345. However, the quality
of the floor did not show a statistically significant effect on “cost” in certain model
specifications but was positively related to “cost” in others, with coefficients ranging
from 0.0392 to 0.0581. These findings provide valuable insights into the determinants
of “cost” across different configurations of control variables.

This is congruent with our previous results that showed that in the epicenter the
damage is greater, and therefore the cost of the repair should be greater. We also
noticed that the walls in poor condition before the disaster are related to a more
expensive repair. Just like in the previous model, a positive correlation is observed
between the rent and cost variables, and we can observe that a greater number of
banks is related to a lesser cost of repairs. Finally, the field material and region effects
were included, and the results obtained are similar, only the variable of significance is
lost that now captures the controls of the region.

When we consider the costs of repair or reconstruction obtained from technical
agencies or construction specialists, the results obtained differ slightly and are shown
in Table 7. We see a correlation between the degree of damage and the cost of repair
of the homes; however, this correlation is slightly less in comparison with the previ-
ously obtained by the homeowner. In the same way, there is a positive correlation
between the rent and cost variables, and we observe that a greater number of banks is
related to a lower cost. The second estimate shows different results, given that it only
evidences a relation between the distance from the epicenter and the cost of repair of
the home, showing that at a greater distance, the cost diminishes. Finally, the fixed
construction material effects and the fixed region effects are similar, there is only a
loss of significance with the variables of distance that now are captured by the control
of the region and the number of banks.

(1)
Cost

(2)
Cost

(1)
Cost

(2)
Cost

N° banks �0.0006** �0.0004 �0.0004 �0.0003

Degree of damage 1.1673*** 1.1405***

Rent 0.0018** 0.0008 0.0019*** 0.0012

Distance of the epicenter �0.1363*** �0.0625

Quality of the wall 0.1836 0.1434

Quality of the floor 0.0861 0.1435

Quality of the roof �0.1543 �0.1313

Constant 2.7372*** 3.5500*** 2.6171*** 3.0830***

Fixed construction material effect NO NO YES YES

Fixed region effect NO NO YES YES

Observations 755 755 755 755

R-squared adjusted 0.3628 0.1287 0.3650 0.1387

***p < 0.01, **p < 0.05, *p < 0.1. Results elaborated by authors based on post-earthquake survey.

Table 7.
Estimated coefficient of the cost of repair/reconstruction (technical agencies).
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In relation to how homes finance their repair or reconstruction and considering
three different financial sources, Table 8 shows the results obtained in the estimates.
They indicate that homes that have earthquake insurance have a lesser probability of
financing their repair or reconstruction with their own savings or subsidies. In relation
to the income level of homes, it can be observed that the higher incomes are related
with a greater probability of home repair financed by savings, and it is correlated with
less probability of obtaining subsidies. In the same way, we noticed that older
homeowners have more probability of financing the repair with savings and less
subsidies. The education level of the homeowners also affects the type of finance
given to them, given that higher level of education is related to higher bank financing
and savings and with less subsidies. The houses located in rural zones have less
probability of obtaining banking finance, as well as in zones, where there is a bigger
number of banks. Lastly, the variable, the estimated cost of repair is correlated with
the three sources of finance: a greater cost is related to higher probability of banking
finance and subsidies, and at the same time with less financing of saving.

5. Conclusions

Earthquakes generate damages and losses of infrastructure, and the reason that
motivated the study of variables that affect the damage of a home, the main deter-
miners of costs of the reconstruction, and how homes finance the reconstruction. The
study is focused on the Chilean earthquake of 2010 and microdata was utilized from
home surveys performed for three months after the disaster.

In relation to the destruction of homes, the results show that houses built from
adobe are the ones that showed a higher rate of destruction, followed by mud-built
houses, quincha, and pirca. In relation to the connection between the distance from
the epicenter of the earthquake and the damage of a home, the results show that the
houses located closer to the epicenter were, on average, more affected by the

Bank Savings Subsidies

Insurance 0.0221 �0.0505* �0.0794***

Income �0.0034 0.0571*** �0.0662***

Age 0.0005 0.0010* �0.0018***

Education 0.0039*** 0.0041* �0.0115***

Rural Zone �0.0556*** 0.0080 0.0142

N° banks �0.0001** �0.0001** 0.0000

Cost 0.0229*** �0.0985*** 0.0892***

Fixed construction material effect YES YES YES

Fixed region effect YES YES YES

Observations 3869 3869 3869

Pseudo R-squared 0.0463 0.0746 0.117

***p < 0.01, **p < 0.05,*p < 0.1. Results elaborated by authors based on post-earthquake survey.

Table 8.
Probability related to financial sources of reconstruction.
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earthquake. This effect is stronger in houses that had already deteriorated before the
disaster, mainly in those that had walls in poor condition.

The second group of results shows that the costs of reconstructions associated with
the earthquake are related to the degree of destruction of the house, the distance from
the epicenter, the condition of the walls before the event, and the value of the house.
The number of banking branches in the province is related to a lower cost of repair,
being related to the results obtained by Atienza and Aroca [35], where a discussion is
held on what relation there is between the spatial concentration and efficiency, which
allows the diminishment of the commercial cost. Just like Noy [28] who observed that
the internal credit reduces the cost of disaster in growth terms of the lost product, this
work puts in evidence that the greatest competition of internal credit helps reduce the
cost in terms of price.

These findings may have policy implications for disaster preparedness and recov-
ery in Chile. Areas with a higher concentration of banks might have better access to
financial resources or services that could aid in post-earthquake recovery efforts.
Policymakers and disaster response agencies could consider leveraging this informa-
tion to prioritize resource allocation and support in regions with less financial support.
While the negative relationship between the number of banks and earthquake-related
costs is noteworthy, further investigation may be needed to understand the underly-
ing mechanisms. Exploring why regions with more banks tend to have lower costs
could provide valuable insights for disaster planning, as well as explore why access to
banking services, capital, and financial resources can significantly impact a
community’s ability to withstand and recover from natural disasters. By investigating
the presence and role of banks or, in general, financial support in these areas, could be
a contribution to the development of more effective disaster risk reduction and
recovery policies.

Finally, it is characterized by how homes finance the reconstruction of their
houses. Specifically, the study found that homes with higher incomes have more
possibilities of financing the reconstruction with savings, while the homes of lower
incomes are more prone to finance the reconstruction with subsidies from the gov-
ernment or other institutions. The families that live in rural zones have less possibili-
ties of financing the reconstruction with banking entities. The bigger the cost of the
reconstruction, the homes are less prone to finance with savings, and the probability
of finance by banking loan or subsidies is increased. With all this, the human factors
highlight the importance of comprehending and tackling the role of social and eco-
nomic activities in relation to natural disasters. Once we recognize and tackle these
factors, societies can take proactive measures to reduce the vulnerability and increase
the resilience in the face of natural disasters.

In the course of this study, we have employed the epicentral distance as a key
parameter in our analysis. However, in light of the extensive rupture areas observed in
certain seismic events, it is prudent to consider alternative distance metrics to enhance
the precision and scope of our analysis. Utilization of metrics, such as the Joyner &
Boore distance, which accounts for the closest distance to the surface projection of the
rupture, or even measuring the closest distance to the rupture itself, can be pivotal in
capturing a more nuanced understanding of seismic events characterized by signifi-
cant rupture areas. The potential benefits of adopting these alternative distance met-
rics are evident as they may provide improved insights and more accurate predictions.
It is important to acknowledge that the current study has been conducted under the
constraints of available data, and thus, our exploration has centered around the epi-
central distance. Despite the acknowledged potential for improved results through the
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use of alternative metrics, the present study remains anchored within the available
data landscape.

As a suggestion for future research, we recommend the integration of these alter-
native distance metrics, such as the Joyner & Boore distance or the closest distance to
the rupture, into the modeling framework. This extension could yield valuable
insights, expanding the depth of analysis, and broadening the applicability of our
findings. We believe that this line of research could lead to a more complete and
accurate understanding of seismic events, especially those that generate large areas of
rupture. We hope that future researchers can explore these metrics and assess their
impact on seismic event analyses, which will ultimately improve our understanding of
and ability to react to catastrophic events.
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Chapter 9

Non-seismic and Complex Source
Tsunami: Unseen Hazard
Ali Akbar Firoozi and Ali Asghar Firoozi

Abstract

Tsunamis, commonly induced by undersea earthquakes, are formidable natural
hazards capable of causing widespread devastation. This comprehensive chapter
examines the complex dynamics of tsunamis, their generation mechanisms, and their
broad-reaching impacts. The multifaceted nature of tsunami triggers, both seismic and
non-seismic, is dissected, highlighting the role of undersea earthquakes, landslides,
volcanic eruptions, and meteorological events in driving these devastating natural
phenomena. The intricate interplay of seismic parameters such as magnitude, depth,
and activity type is elaborated, underscored by an insightful case study on the 2011
Tohoku Earthquake and Tsunami. A pivotal part of the discussion lies in the explora-
tion of non-seismic triggers of tsunamis, an area often overshadowed in tsunami
studies. The impact of landslide-induced and volcanically triggered tsunamis is con-
sidered alongside the contentious topic of meteorologically influenced tsunami events.
Delving further into the genesis of tsunamis, the chapter explores the influences of
bathymetry and tectonic structures, particularly in the context of non-seismic tsunami
generation. The chapter serves as a beacon for continuous research and predictive
modeling in the field of tsunami studies, emphasizing the necessity for societal pre-
paredness and strategic risk mitigation against these potent natural disasters.

Keywords: tsunamis, seismic triggers, non-seismic triggers, undersea earthquakes,
landslides, volcanic eruptions, meteorological events, bathymetry, tectonic structures,
tsunami modeling, risk mitigation

1. Introduction

Tsunamis, characterized as a series of ocean waves with long wavelengths and
periods, have long been a source of fascination and fear. These remarkable natural
phenomena, while beautiful in their raw power and scale, can also bring about cata-
strophic destruction and loss of life. Their impacts have been felt around the globe, in
the Pacific Ocean’s Ring of Fire, the Indian Ocean, the Atlantic Ocean, and even in
enclosed bodies of water like the Mediterranean Sea. While tsunamis have tradition-
ally been associated with seismic events such as undersea earthquakes, a growing body
of research has shed light on a range of non-seismic triggers, including landslides,
volcanic eruptions, and certain meteorological events [1–3]. These non-seismic and
complex sources of tsunamis are the primary focus of this chapter.

167



The study of tsunamis spans several disciplines, including geology, oceanography,
and disaster risk management. Understanding these phenomena requires a holistic
perspective, encompassing not just the triggers of tsunamis but also their propagation,
the coastal impact, and the aftermath of these events. Seismic events such as earth-
quakes are the most well-known triggers of tsunamis. When tectonic plates shift on
the seafloor, they can displace large volumes of water, setting off a series of waves that
travel across vast distances at high speeds [4, 5]. The 2004 Indian Ocean Tsunami,
triggered by a massive undersea earthquake off the coast of Sumatra, is a notable
example of a seismic tsunami. However, not all tsunamis originate from seismic
events. Non-seismic sources, although less common, can also trigger tsunamis. For
instance, landslides, whether they occur underwater or fall into water from the land,
can displace water and generate a tsunami. Similarly, volcanic eruptions can trigger
tsunamis in several ways, such as through the collapse of part of the volcanic edifice or
the ejection of pyroclastic flows into the sea. Furthermore, certain meteorological
phenomena, like atmospheric pressure changes associated with fast-moving weather
systems, can generate meteotsunamis [6, 7].

The purpose of this chapter is to delve deeper into the less-studied realm of non-
seismic and complex-source tsunamis. This exploration aims to contribute to a more
comprehensive understanding of tsunamis, enhancing our collective ability to predict
and mitigate the impact of these devastating events. The chapter is organized into
several sections. Following the introduction, we will discuss the general characteristics
of tsunamis and how they differ from regular ocean waves. The subsequent sections
delve into seismic and non-seismic triggers of tsunamis, each accompanied by a
relevant case study. The chapter concludes with a discussion of the current methods
and technologies for early warning systems and the ongoing research in the field. The
forthcoming discussions aim to provide readers with a robust understanding of the
different triggers of tsunamis, the mechanics of wave propagation, and the impacts of
these powerful events.

2. Understanding tsunamis: from origin to impact

Tsunamis are unique oceanic events with distinctive properties that differentiate
them from regular waves. These differences are extensively outlined in Table 1.
Refer to Table 1 for a detailed comparison of tsunamis and regular ocean waves based
on parameters such as wavelength, wave speed, wave height, and energy. Addition-
ally, Figure 1 provides a visual representation of the mechanisms behind tsunami
generation, illustrating the profound impact of seismic activities beneath the ocean’s
surface.

In Figure 1(a), titled “Faulting,” we see a cross-section of the ocean floor during
tectonic activity. Here, a subducting plate moves beneath another, causing a
displacement along a fault line. This shift results in an upward thrust of the seabed,
which, in turn, propels the water above it, leading to the formation of a tsunami wave.
The diagram shows a direct correlation between the seabed's upward movement
and the elevation of the water surface, forming a wave that begins to travel across
the ocean.

Figure 1(b), labeled “Submarine slump,” depicts an alternative tsunami-generat-
ing event. In this scenario, a mass of sediment on the ocean floor, destabilized perhaps
by seismic shaking or other factors, slumps down a slope. This submarine landslide
displaces the water column, generating a wave in a process analogous to that observed
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Tsunami Regular Wave

Wavelength 200 to 500 kilometers 100 to 200 meters

Wave
Speed

Dependent on water depth, typically 500 to
600 km/h in deep ocean

Dependent on wind speed, typically 5 to
90 km/h

Wave
Height

In open ocean: usually less than 1 meter; near
shore: can exceed 30 meters

In open ocean: 1 to 15 meters; near shore:
can be higher due to wave shoaling

Energy Very high, due to long wave periods and vast
wavelengths. Energy does not dissipate
quickly, allowing tsunamis to travel across
entire ocean basins

Less than tsunamis, due to shorter
wavelengths and wave periods. Energy
dissipates more quickly, limiting the reach
of waves

Table 1.
Characteristics of tsunamis vs. regular waves [8].

Figure 1.
The process of tsunami generation [9].
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in Figure 1(a). The resulting wave, or tsunami, then propagates away from the site of
the slump, carrying the energy of the initial disturbance across the sea.

Through these illustrations, Figure 1 effectively elucidates the initial seismic
events that can lead to the powerful and often devastating phenomenon of tsunamis,
highlighting the dynamics of fault motion and submarine landslides as primary
catalysts.

2.1 General characteristics of tsunamis

Tsunamis are not typical sea waves. They are distinguished by their long wave-
lengths, often reaching hundreds of kilometers. This means that unlike surface waves,
which involve a superficial layer of the sea, tsunamis engage the entire depth of the
ocean, from the seabed to the surface. Consequently, the speed of a tsunami wave is
dictated by the depth of the ocean. In the deep ocean, these waves can reach aston-
ishing speeds of 500–600 kilometers per hour, comparable to a commercial jet’s
cruising speed [5, 10]. Despite their high speeds, tsunamis often go unnoticed in the
open ocean. Their amplitude in deep water is usually less than one meter, and the
wave crests can be hundreds of kilometers apart. Hence, ships at sea rarely detect a
passing tsunami. However, as a tsunami approaches the shore and enters shallower
water, its speed decreases while its amplitude grows. This transformation, known as
wave shoaling, can result in destructive waves reaching heights of tens of meters when
they hit the coastline. The energy a tsunami carries is immense, and it dissipates very
slowly. The long wavelengths mean that tsunamis can travel across entire ocean basins
with limited energy loss. This explains why a tsunami triggered off the coast of Chile
can cause destruction in Japan, more than 10,000 kilometers away [11, 12].

Tsunamis are not single waves but a series of waves known as a wave train. The
first wave is not always the largest, and subsequent waves may arrive minutes or even
hours apart. This is why residents are often caught unaware by later, larger waves
after a smaller initial wave. The devastation a tsunami can bring about is not limited to
its colossal waves. Tsunamis can also cause strong ocean currents, rapid sea-level rise,
and flooding, often referred to as tsunami run-up. Run-up refers to the maximum
vertical height onshore above sea level reached by the tsunami. Tsunamis leave behind
a distinctive sedimentary record that can provide critical insights into past events.
These deposits can be used to reconstruct the frequency and magnitude of past
tsunamis, thus informing risk assessments [2, 13, 14].

2.2 Distinction between tsunamis and regular ocean waves

At a casual glance, one might mistake a tsunami for an ordinary sea wave. How-
ever, tsunamis and typical ocean waves are fundamentally different in several ways,
from their generation to their physical characteristics and behavior. Regular ocean
waves, often referred to as wind waves, are primarily driven by the action of wind on
the sea surface. These waves typically have wavelengths in the range of tens to
hundreds of meters, and their period (time between successive waves) is usually
between 5 and 20 seconds [15]. Wind waves involve only the uppermost layer of the
ocean, and their energy rapidly dissipates with depth. In contrast, tsunamis are born
from large-scale, violent disturbances in the ocean, often tectonic in origin. The
wavelengths of tsunamis span hundreds of kilometers, and their period can range
from several minutes to over an hour. Moreover, tsunamis engage the entire water
column, meaning their energy extends all the way down to the sea floor. This gives
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tsunamis their high speed in deep water and their capacity to travel vast distances
with little energy loss. The behavior of tsunamis as they reach the shore is also
different from regular waves. While wind waves break and dissipate their energy at
the shoreline, tsunamis undergo wave shoaling, increasing their amplitude dramati-
cally. A tsunami’s energy can inundate the land, causing flooding and destruction far
beyond the immediate coastline [5, 13]. Understanding these differences is crucial for
effective tsunami hazard assessment and mitigation. It helps underscore why tsu-
namis cannot be treated like large regular waves and why they require unique
approaches in terms of prediction, warning, and response.

3. Seismic triggers of tsunamis

Undersea earthquakes are the most common triggers of tsunamis. Their generation
conditions, along with the influence of the earthquake’s magnitude, depth, and type of
seismic activity on the resulting tsunami, are complex and multifaceted. The 2011
Tohoku Earthquake and Tsunami serve as a case study illustrating these effects.
Table 2 lists major tsunami events triggered by undersea earthquakes, detailing the
year, location, earthquake magnitude, depth, and the resulting tsunami’s impact.

3.1 Undersea earthquakes; conditions leading to tsunami generation

Undersea earthquakes are the most common cause of tsunamis, and understanding
their behavior is critical to our grasp of these devastating events. In the heart of
tectonic plate interactions lies the driving force behind such earthquakes. These tec-
tonic forces take shape in the form of plate boundaries, with convergent boundaries
(also known as subduction zones) being of significant interest due to their tsunami-
generating capacity. The conditions necessary for a tsunami to be generated by an
undersea earthquake are nuanced. Firstly, earthquakes must occur beneath the ocean

Year Location Earthquake
Magnitude

Depth Tsunami Impact

2011 Pacific Ocean, off the east
coast of Tohoku, Japan

9.0–9.1 29 Estimated 15,899 deaths, caused by nuclear
accidents at Fukushima Daiichi Nuclear Power

Plant

2004 Indian Ocean, off the west
coast of northern Sumatra

9.1–9.3 30 Estimated 230,000–280,000 deaths across 14
countries, one of the deadliest natural disasters

in history

1960 Pacific Ocean, near
Valdivia, Chile

9.4–9.6 35 Estimated 1000–6000 deaths, caused damage
in Hawaii, Japan, the Philippines, the east

coast of New Zealand, southeast Australia, and
the Aleutian Islands

1952 Pacific Ocean, off the east
coast of Kamchatka
Peninsula, Russia

9.0–9.3 30 No deaths were reported, caused damage in
Hawaii and Japan

1755 Atlantic Ocean, near
Lisbon, Portugal

8.5–9.0 30 Estimated 10,000–100,000 deaths, one of the
deadliest earthquakes in history

Table 2.
Major tsunami events triggered by undersea earthquakes [16].
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or sea floor. This ensures that there is sufficient water above the epicenter to be
displaced by the earthquake’s energy [17–19]. Secondly, the earthquake must be of a
sufficient magnitude, generally considered to be a magnitude of 7.0 or higher on the
Richter scale. Lower-magnitude earthquakes can still generate tsunamis but are less
likely to result in significant wave heights upon reaching shorelines. Thirdly, the
earthquake must result in significant vertical displacement of the sea floor. It is this
displacement that transfers energy from the earth to the water, generating tsunami
waves. Horizontal movements, which are typical of transform boundaries, do not
cause significant displacement of water and thus are not typically associated with
tsunamis [17, 20].

Subduction zones, where one tectonic plate is forced beneath another, are hotspots
for these powerful, tsunami-generating undersea earthquakes. This is due to the
intense pressure that builds up over time as the subducting plate is forced into the
mantle. Eventually, this pressure is released in the form of an undersea earthquake. If
the conditions mentioned above are met, a tsunami can be generated. One example of
this is the 2004 Indian Ocean earthquake and tsunami, which was generated by a
powerful undersea earthquake off the coast of northern Sumatra. The earthquake
occurred in a subduction zone where the Indo-Australian Plate is being subducted
beneath the Eurasian Plate. This event resulted in significant vertical displacement of
the sea floor, generating a tsunami that killed hundreds of thousands of people around
the Indian Ocean [21, 22].

3.2 Impact of magnitude, depth, and type of seismic activity

The impact of undersea earthquakes in generating tsunamis is dictated by several
factors. The magnitude of the earthquake is a key factor – the greater the magnitude,
the more energy is released and the greater the potential for a tsunami. Depth is also
crucial, as shallow earthquakes are more likely to result in significant vertical dis-
placement of the sea floor, which is necessary for tsunami generation. The type of
seismic activity is also vital. As stated earlier, subduction zone earthquakes, which
typically result in vertical displacement, are the most common cause of tsunamis.
Other types of seismic activity, such as volcanic eruptions or landslides, can also
generate tsunamis under the right conditions, but these are less frequent. There is a
nuanced relationship between the magnitude, depth, and type of seismic activity. For
instance, a high-magnitude earthquake at a very deep depth might not generate a
tsunami due to the lack of displacement at the sea floor. Conversely, a lower-
magnitude, shallow earthquake in a subduction zone could generate a large tsunami
due to significant vertical displacement [22, 23].

3.3 Case study: 2011 Tohoku earthquake and tsunami

The Tohoku earthquake and tsunami on March 11, 2011, epitomizes the destruc-
tive power of tsunamis and highlights the role of undersea earthquakes in their
generation. With a moment magnitude of 9.0–9.1, the Tohoku earthquake is the
fourth largest earthquake on record and the largest ever recorded in Japan. The
earthquake occurred off the northeast coast of Honshu, Japan’s main island, in
a subduction zone where the Pacific Plate is being forced beneath the North
American Plate. The earthquake resulted in massive vertical displacement of the sea
floor – up to 50 meters in some areas – generating a series of devastating tsunami
waves [24, 25].
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The tsunami waves reached up to 40.5 meters in height and traveled up to 10
kilometers inland in some areas. The tsunami resulted in over 15,000 deaths, and the
subsequent Fukushima Daiichi nuclear disaster made it the costliest natural disaster in
history. The Tohoku earthquake and tsunami demonstrated the critical need for
improved tsunami forecasting and preparedness. Despite Japan’s advanced tsunami
warning system and strict building codes, the magnitude of the event far exceeded
expectations, leading to widespread devastation. It underscored the fact that, while
we have made significant advancements in our understanding of tsunamis and their
seismic triggers, there is still much work to be done [26]. In conclusion, while under-
sea earthquakes are the primary trigger of tsunamis, the conditions leading to their
generation are multifaceted, involving the interplay of earthquake magnitude,
depth, and type of seismic activity. Case studies such as the 2011 Tohoku Earthquake
and Tsunami provide valuable insights into these processes, contributing to
our understanding and potentially mitigating the devastation caused by these natural
disasters.

3.4 Seismic triggers and their impact on tsunami generation

Understanding the seismic triggers of tsunamis begins with the realization that
undersea earthquakes play a significant role due to their capability to displace sub-
stantial volumes of water abruptly. The relationship between an earthquake’s charac-
teristics and their impacts on ocean floor topography is a complex interplay
significantly influencing tsunami genesis. The magnitude, depth, and location of an
earthquake can directly affect the extent of seafloor deformation and, in turn, the
size and energy of the resulting tsunami. Larger and shallower earthquakes typically
cause more substantial displacement of the seafloor, potentially triggering more sig-
nificant tsunamis. However, the tsunami’s propagation and amplification depend on
not only the characteristics of the earthquake but also the topographical and tectonic
features of the ocean floor. These elements influence the tsunami waves as they
traverse the ocean basin, causing them to refract, reflect, or amplify in certain
conditions [27, 28].

While seismic tsunamis are common, their unpredictability and potential for
causing widespread devastation necessitate continuous efforts in refining prediction
methods and devising effective mitigation strategies. Another intriguing aspect of
seismic activities associated with tsunamis is the sequence of earthquakes—namely,
foreshocks, mainshocks, and aftershocks. Foreshocks precede the mainshock, the
most significant earthquake in the sequence, while aftershocks follow it. The ability to
distinguish foreshocks from mainshocks and aftershocks, however, is an area of
ongoing research, indicating that seismic patterns may not always conform to this
sequence and that generalizations should be made cautiously. The process of
tsunami wave formation, triggered by undersea earthquakes, entails a series of
stages. Starting from the initial seafloor displacement to the eventual propagation of
waves across the ocean, each stage is a complex interplay of numerous factors.
The energy released during the earthquake initiates seafloor displacement,
thereby triggering the creation and propagation of tsunami waves [29, 30]. The
understanding of seismic triggers and their role in tsunami generation, albeit
complex, plays a pivotal role in enhancing our predictive capabilities and devising
effective disaster management strategies. This condensed overview of seismic triggers
provides an essential foundation for further exploring the other non-seismic triggers
of tsunamis.
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3.5 The role of seismic magnitude and depth in tsunami generation

The magnitude of an undersea earthquake plays a crucial role in determining the
size of the resulting tsunami. Higher-magnitude earthquakes have the potential to
displace larger volumes of water, creating more significant tsunami waves. However,
the depth of the earthquake also plays a critical role. Shallow earthquakes can cause
more substantial displacement of the seafloor and therefore generate more substantial
tsunami waves than deep earthquakes with the same magnitude. The generation of
tsunamis is inherently a multifaceted process influenced by a plethora of parameters.
Among these, the seismic magnitude and depth of the initiating earthquake play
crucial roles. Tsunamis can be instigated by undersea earthquakes of varying magni-
tudes and depths, affecting the amplitude, energy, and overall destructive potential of
the resulting waves. Consequently, understanding the role of seismic magnitude and
depth in tsunami genesis is of paramount importance, as it contributes to improved
tsunami forecasting and preparedness measures. Influence of Seismic Magnitude
Seismic magnitude fundamentally impacts the scale and power of the resulting tsu-
nami. Typically, earthquakes with higher magnitudes displace larger volumes of
water, leading to more substantial tsunami waves. For instance, the Great Chilean
Earthquake in 1960, the most powerful earthquake ever recorded with a magnitude of
9.5, triggered a catastrophic tsunami that affected coastlines over a vast geographical
area. Similarly, the 2011 Tohoku earthquake in Japan, with a magnitude of 9.0–9.1,
generated a devastating tsunami that caused extensive damage and loss of life [31].

The Role of Depth The depth of the earthquake’s hypocenter is another critical
factor affecting tsunami genesis. Deep-focus earthquakes, despite possibly having
high magnitudes, are less likely to generate destructive tsunamis due to the energy
dissipating before reaching the ocean surface. On the contrary, shallow-focus earth-
quakes, particularly those occurring at depths less than 70 km, tend to produce more
significant tsunamis, as the seismic energy is more directly transferred to the overly-
ing water column. For example, the 2004 Indian Ocean Tsunami was triggered by a
shallow undersea earthquake off the west coast of northern Sumatra, resulting in one
of the deadliest natural disasters in recorded history. The Interplay between Magni-
tude and Depth Both the magnitude and depth of the earthquake must be considered
concurrently to evaluate tsunami potential effectively. A high-magnitude, deep-focus
earthquake may generate a less destructive tsunami compared to a lower-magnitude,
shallow-focus earthquake due to differences in energy transfer to the ocean surface.
As such, tsunami warning systems must account for both parameters to provide
accurate and timely alerts [32, 33].

Implications for Tsunami Early Warning Systems Comprehending the role of
seismic magnitude and depth in tsunami generation is integral to enhancing the
effectiveness of tsunami early warning systems. These systems rely on rapid and
accurate assessment of these earthquake parameters to estimate the potential tsunami
threat and disseminate timely alerts to vulnerable coastal communities. Therefore,
continued research and advancements in seismological studies and computational
modeling are required to refine further our understanding of the complex interplay
between seismic magnitude, depth, and tsunami generation. Future Research Direc-
tions Future research should focus on enhancing our understanding of the nuanced
relationship between seismic magnitude, depth, and tsunami genesis. This may
involve developing more sophisticated models that can accurately simulate the com-
plex dynamics of undersea earthquakes and the resulting tsunami wave propagation.
Additionally, further investigations into past tsunami events can provide valuable
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insights and data that can be used to refine these models, ultimately leading to
improved tsunami forecasting and mitigation strategies [34].

4. Non-seismic triggers of tsunamis

In addition to undersea earthquakes, tsunamis can also be triggered by other
mechanisms, such as landslides, volcanic eruptions, and meteorological events. These
non-seismic triggers each have unique conditions necessary for tsunami generation,
which are summarized in Table 3. For a visual comparison of seismic and non-seismic
tsunami triggers, refer to Figure 2.

4.1 Landslides

Landslides represent one of the significant non-seismic triggers of tsunamis, and
understanding their potential to generate tsunamis is crucial for comprehensive tsu-
nami risk assessments. A landslide occurs when a mass of rock, earth, or debris moves

Trigger Type Conditions for Tsunami Generation Examples

Landslide Occur when a large amount of material
slips into the water, displacing water and
creating a wave.

The 1958 Lituya Bay landslide in Alaska
generated a mega-tsunami with a recorded
run-up of 525 meters.

Volcanic
Eruption

Occur when there is a violent underwater
explosion, or when a caldera collapses and
displaces water.

The 1883 eruption of Krakatoa generated
tsunamis that resulted in over 36,000
deaths.

Meteorological
Events

Occur when atmospheric conditions cause
sudden changes in sea levels. These
tsunamis are also known as
meteotsunamis.

In 2008, a meteotsunami hit Boothbay
Harbor in Maine, resulting in significant
damage to boats and waterfront property.

Table 3.
Non-seismic triggers of tsunamis [7, 35, 36].

Figure 2.
Seismic tsunami wave propagation [37].
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down a slope due to gravity. These movements can be slow or sudden, and when they
happen underwater or impact the water from the land, they can displace large
amounts of water and generate tsunamis. There are two main types of landslides that
can cause tsunamis: subaerial and submarine. Subaerial landslides are those that occur
on land and then slide into the water, displacing it and creating a tsunami. Submarine
landslides occur directly underwater. Both types can cause significant displacement of
water, leading to potentially devastating tsunamis [38].

The magnitude of a landslide and the potential tsunami largely depends on the
volume and velocity of the displaced material. Larger and faster landslides displace
more water, creating bigger waves. The topography of the seafloor also plays a role;
slopes that are too steep or too shallow may not be conducive to tsunami generation,
as the water displaced by the landslide might not propagate into a wave that travels far
from the source. Moreover, landslides can either be triggered by seismic activity, such
as an earthquake, or they can occur independently of any seismic event. It is also
worth noting that while most landslides that cause tsunamis are natural, human
activity like construction or mining can also contribute to landslide events and poten-
tially induce a tsunami. Monitoring and modeling landslide events are essential in
predicting their tsunami potential. The use of submarine mapping techniques, land-
slide-tsunami models, and sediment analysis can provide valuable insight into past
events and improve our predictions for future landslide-induced tsunamis [6, 35, 39].

4.2 Volcanic eruptions as triggers for tsunamis

Volcanic eruptions are another prominent non-seismic source of tsunamis. Volca-
nic tsunamis can occur because of several different mechanisms, each dependent on
the specific circumstances of the eruption. The most straightforward mechanism is
through the pyroclastic flow or material from the eruption entering the sea, displacing
water, and initiating a tsunami. Pyroclastic flows are rapid currents of hot gas and
volcanic matter that flow down the side of a volcano during an eruption. When such a
flow reaches the sea, it can displace large volumes of water, causing a tsunami.
Another mechanism through which volcanic eruptions can cause tsunamis is the
collapse of the volcanic edifice itself, either during or after the eruption. If a signifi-
cant portion of the volcano collapses into the sea, it can displace enough water to
create a tsunami. This is what occurred in the famous 1883 eruption of Krakatoa in
Indonesia, which led to a devastating tsunami. Volcanic eruptions can also generate
tsunamis through phreatomagmatic explosions – these occur when magma encounters
water, creating steam, and causing an explosive reaction. If this reaction is significant
enough, it can displace large volumes of water, leading to a tsunami [3, 40, 41]. It is
worth noting that the characteristics of a volcanic tsunami – such as its initial wave
height, wavelength, and speed – can be very different from those of a seismic tsunami.
Therefore, different models and mitigation strategies may be required to effectively
manage these types of events.

4.3 Meteorological events and tsunamis

Meteorological events such as storms and hurricanes do not typically generate
tsunamis as they are generally understood. However, they can produce phenomena
known as meteorological tsunamis or meteotsunamis, which are sea wave distur-
bances that are similar in their impact to seismic tsunamis, although they are gener-
ated by very different mechanisms. Meteotsunamis are most often caused by
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fast-moving weather systems, such as squall lines, that generate pressure disturbances
over the sea. These pressure changes can set up long-wavelength waves in the body of
water. If the speed of the weather system is similar to the speed of the wave in the
water, then resonance can occur, amplifying the wave and potentially leading to a
meteotsunami. Meteotsunamis can cause significant damage and loss of life, particu-
larly if they coincide with high tide or if they strike areas with a large population.
Because the mechanisms of generation are so different, meteotsunamis require dif-
ferent prediction and mitigation strategies than seismic tsunamis. It is also noteworthy
that some climate scientists are suggesting that climate change may increase the
frequency and intensity of these meteorological events and hence meteotsunamis
[7, 42]. Therefore, as our understanding of the potential impacts of climate change
grows, it is becoming increasingly important to include the study of meteotsunamis in
our assessments of tsunami hazards.

4.4 Case study: 1958 Lituya Bay landslide and tsunami

The 1958 Lituya Bay Landslide and Tsunami in Alaska provides a compelling
example of the destructive potential of non-seismically generated tsunamis. This
event remained the largest recorded mega-tsunami and was triggered by a landslide
following an earthquake with a magnitude of 7.8 on the Richter scale. The earthquake
itself did not generate a significant tsunami, but the secondary landslide did, dramat-
ically illustrating the potential for non-seismic sources to generate tsunamis. The
landslide caused 30 million cubic meters of rock to fall into the narrow inlet of Lituya
Bay, displacing a massive amount of water. The subsequent wave was of unimaginable
scale, reaching a height of 1720 feet (524 meters) and wiping out all vegetation and
trees up to this elevation on the opposite shoreline [35]. While this event did not result
in a high death toll (only two fatalities were reported), it nonetheless provides an
excellent illustration of the incredible destructive potential of landslide-generated
tsunamis. This case also emphasizes the importance of considering these types of non-
seismic events in tsunami hazard assessments, particularly in areas prone to land-
slides. The Lituya Bay event remains a benchmark for tsunami studies, and its effects
continue to be felt in the area. It stands as a powerful testament to the need for
increased awareness and preparedness for all types of tsunami-generating mecha-
nisms, whether seismic or non-seismic in origin.

4.5 Deepening the examination of non-seismic tsunami triggers

Non-seismic triggers of tsunamis are an increasingly recognized source of potential
hazards. While they may not occur as frequently as seismic events, their impacts can
be as devastating, if not more so, given the limited warning time and the
unpredictability of such events. In the realm of landslide-generated tsunamis, there is
a considerable amount of variation depending on the specific conditions and location
of the landslide. For instance, the volume of displaced material, the velocity at which
the landslide occurs, and the depth at which the landslide mass enters the water all
play significant roles in determining the scale and impact of the tsunami [43]. Land-
slides can occur both above and below the water surface, and both types have the
potential to generate tsunamis. Underwater landslides, however, may be particularly
effective in generating tsunamis due to the proximity of the energy release to the
water column and the potential for significant displacement of water.
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Volcanic eruptions as tsunami triggers are multifaceted in nature. While the most
straightforward cause is the collapse of the volcanic edifice or caldera into the sea,
producing a landslide and, subsequently, a tsunami, other mechanisms are also at play.
Pyroclastic flows and related phenomena can displace large volumes of water, as can the
ejection of volcanic material into the sea. Even the seismic activity associated with the
eruption can generate tsunamis, making this type of trigger particularly complex.
Finally, meteorological events such as hurricanes and typhoons are another type of non-
seismic trigger. These events can induce storm surges that have similar impacts as
tsunamis, especially when combined with astronomical tides [44]. Furthermore, atmo-
spheric pressure changes associated with severe weather events can generate
meteotsunamis, a type of tsunami that is not caused by seismic activity or landslides but
is nonetheless capable of causing significant damage. While there is a wealth of existing
literature that discusses these non-seismic triggers, there is still much to be learned. As
we increase our understanding of these processes, our ability to predict and mitigate the
impacts of these types of tsunamis will undoubtedly improve.

4.6 Further expanding the scope of non-seismic tsunami triggers

Continuing from the above discussion, it is essential to mention that non-seismic
triggers are not merely academic curiosities but have been the source of some of the
most destructive tsunamis in recorded history. For example, the 1958 Lituya Bay
tsunami, caused by a landslide in a fjord in Alaska, generated a wave that reached a
record height of 524 meters when it surged up the opposite slope of the fjord. This
event illustrates the potential for non-seismic tsunamis to exceed the scale of seismic
tsunamis under specific local conditions. In the volcanic realm, the 1883 eruption of
Krakatoa is an infamous example. The explosion and subsequent collapse of the
volcano generated a tsunami that killed more than 36,000 people [45]. More recently,
the 2018 Anak Krakatoa collapse in the same area also generated a significant tsunami,
demonstrating that volcanic tsunamis are not only a historical concern but an ongoing
hazard [46]. Regarding meteorological tsunamis, the 2011 Tohoku tsunami, though
primarily seismic in origin, was accompanied by a meteotsunami that traveled across
the Pacific, demonstrating the wide-ranging impacts of these events. Given these
historical examples, it is clear that non-seismic triggers represent a significant and
somewhat under-appreciated risk. Enhancing our understanding of these triggers and
their effects will improve our predictive models and allow for better mitigation and
preparedness efforts.

4.7 Tsunami generation through landslide and volcanic mechanisms

While seismic activities indeed constitute the majority of tsunami-triggering
events, it is essential not to overlook non-seismic triggers like landslides and volcanic
eruptions, which can also initiate these formidable natural phenomena. The potential
of landslides to generate tsunamis arises when a considerable volume of material, like
a portion of a mountain or hill, collapses into a water body. This abrupt displacement
of water can set off waves that, depending on the volume and speed of the landslide,
can escalate into devastating tsunamis. Landslide-triggered tsunamis have been
responsible for some historically significant events. The Lituya Bay tsunami in Alaska
in 1958 is a prime example, where a massive landslide triggered a mega-tsunami with
wave run-up reported as high as 520 meters. Such examples provide a stark reminder
of the enormous destructive potential of landslides as tsunami triggers [47]. Just like
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landslides, volcanic eruptions are a potent non-seismic trigger for tsunamis. The
mechanism of tsunami generation through volcanic eruptions can encompass multiple
processes, such as pyroclastic flows entering water bodies, flank collapse, and caldera
collapse. A striking instance of a tsunami generated by a volcanic eruption was
observed during the infamous Krakatoa eruption in 1883. This catastrophic event
generated a tsunami that led to widespread destruction and significant loss of life
across the Indonesian archipelago. Though they may not be as frequent as their
seismic counterparts, tsunamis induced by landslides and volcanic eruptions are far
from negligible. Understanding these non-seismic sources and their associated com-
plexities will undoubtedly enhance our predictive capabilities and preparedness, pav-
ing the way for effective tsunami hazard mitigation [48].

4.8 Meteorological events: a controversial non-seismic tsunami trigger

Meteorological tsunamis, also referred to as ‘meteotsunamis,’ are an intriguing
category of non-seismic events known to trigger tsunamis. These are long ocean
waves induced by swift changes in barometric pressure associated with fast-moving
weather systems like squalls, frontal passages, and thunderstorms. Though not as
formidable as seismic tsunamis, meteotsunamis can induce significant coastal inun-
dation and damage, particularly in areas with a resonance-enhancing coastline con-
figuration. They are primarily observed in enclosed or semi-enclosed basins like the
Mediterranean Sea, the Adriatic Sea, and the Great Lakes, where the geographical
configuration encourages the amplification of these waves. However, they have been
observed along open coasts globally, including the East Coast of the United States and
Japan. The generation of meteotsunamis is a complex interplay between the atmo-
sphere, ocean, and coastline. Initial sea-level perturbations are caused by atmospheric
pressure changes or wind stress. The wave thus generated travels across the ocean,
undergoing modifications due to variations in water depth, seafloor topography, and
current. Upon reaching the coast, it can be amplified or attenuated depending on the
shape and orientation of the coastline and the water depth [49].

When a storm system travels over the ocean at a speed mirroring the speed of long
ocean waves in that region, a phenomenon known as the “Proudman resonance,” it
can induce a meteotsunami. The wave can then cross the ocean, undergoing modifi-
cations due to variations in water depth, seafloor topography, and current. Upon
reaching the coast, it can experience amplification due to local resonances, causing
potentially significant coastal flooding and damage. Numerical modeling and obser-
vational studies have proven instrumental in understanding meteotsunami genesis,
propagation, and impact. Advancements in atmospheric and oceanic modeling now
enable us to simulate meteotsunami events with considerable accuracy. These models
typically employ equations of fluid dynamics to simulate the interaction between the
atmosphere and ocean, and wave propagation [50].

Despite these advancements, there remain hurdles in accurately predicting
meteotsunamis, particularly in real-time. The rapid temporal and spatial changes in
barometric pressure and wind speed associated with storm systems, which are chal-
lenging to predict, are primarily responsible. Furthermore, the resonance conditions
that can substantially amplify these waves at the coast are complex and site-specific,
necessitating high-resolution bathymetric and topographic data. In conclusion, con-
tinuous research and technological advancements are progressively enhancing our
understanding of meteotsunamis, their impact on coastlines, and our ability to predict
them. This understanding is crucial for devising appropriate mitigation strategies and
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early warning systems to minimize these events’ impact. With meteotsunamis
emerging as a recognized hazard, increased research is required to comprehend their
occurrence patterns, the conditions leading to significant events, and their potential
impact under future climate change scenarios [51].

4.9 Case study: 1958 Lituya Bay landslide and tsunami

The 1958 Lituya Bay tsunami, triggered by a landslide in Alaska, serves as a note-
worthy case study for understanding the mechanisms and impacts of non-seismically
induced tsunamis. Occurring on July 9, 1958, in Lituya Bay, located on the Fairweather
Fault in the Alaska Panhandle, the event remains one of the most significant landslide-
induced tsunamis in recorded history. The event was triggered by an earthquake with a
magnitude of 7.8 on the Richter scale. This earthquake induced a massive landslide on
the steep slopes of the Gilbert Inlet at the head of the bay. An estimated 30 million cubic
meters of rock fell from a height of several hundred meters into the bay, displacing an
equivalent volume of water and triggering a massive wave. The wave surged up the
opposite slope, reaching an unprecedented run-up height of 524 meters (approximately
1722 feet) and removing all vegetation and soil down to bedrock. This run-up height
remains the highest ever recorded for a tsunami and offers a stark reminder of the
potential for substantial wave amplification in narrow, steep-sided inlets. Observations
of the aftermath and analysis of the event provided valuable insights into the generation
and propagation of landslide-induced tsunamis. It highlighted the role of the initial
impulse – both the magnitude and direction – given by the landslide to the water body
in determining the wave characteristics. The steepness of the slope, the velocity of the
landslide, and the volume of the displaced material were key factors influencing the
magnitude and direction of the tsunami [35].

The incident emphasized the potential for significant local amplification of the
tsunami height, particularly in enclosed or semi-enclosed water bodies with specific
topographic features. In the case of Lituya Bay, the narrow, steep-sided inlet served to
focus the wave energy, leading to the extraordinary run-up height observed. The
event also highlighted the importance of local geological and geomorphological con-
ditions in tsunami generation and propagation. The presence of the Fairweather Fault,
one of the fastest-moving transform faults globally, likely contributed to the instabil-
ity of the slopes around the bay and the triggering of the massive landslide [35].
Despite being a rare event, the Lituya Bay landslide and tsunami underscore the
importance of considering non-seismic tsunami triggers in hazard assessment and
mitigation strategies. It demonstrates that non-seismic events can induce tsunamis,
with local effects far surpassing those of seismic tsunamis.

Since the 1958 event, continued research has improved our understanding of
landslide-induced tsunamis. Advances in numerical modeling techniques now allow
for more accurate simulations of such events, contributing to enhanced tsunami
hazard assessments. While significant progress has been made, challenges remain.
Predicting the occurrence of landslides, particularly submarine landslides, is difficult
due to the multitude of contributing factors and their inherent unpredictability. More
research is required to better understand these triggers and enhance our predictive
capabilities, ultimately reducing the risk posed by these devastating events [52]. In
conclusion, the 1958 Lituya Bay event serves as a potent reminder of the hazards
posed by non-seismic tsunamis. It emphasizes the need for continued research and
investment in monitoring and early warning systems to mitigate these events’
impacts.
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5. Modeling tsunami generation from non-seismic sources

Tsunami modeling is a critical tool for understanding the dynamics of tsunami
generation and propagation, particularly from non-seismic sources. The non-seismic
triggers, such as landslides, volcanic eruptions, and meteorological phenomena
require different computational models and methodologies as compared to seismic
tsunamis. Non-seismic tsunamis have specific characteristics that pose unique chal-
lenges for modeling. For instance, landslides and volcanic eruptions often involve a
complex interplay of solid and fluid dynamics, making their modeling a multi-physics
problem. Meteorological tsunamis, on the other hand, require detailed knowledge of
atmospheric processes and their interaction with the ocean [52].

One of the pioneering efforts in the modeling of non-seismic tsunamis was the
work of Harbitz [53], who developed a two-phase flow model to simulate submarine
landslide-induced tsunamis. This model considers the momentum exchange between
the solid landslide material and the water, allowing for a more realistic representation
of the tsunami generation process [53]. Such multiphase flow models have since been
extended and refined by many researchers, incorporating features like complex land-
slide kinematics, granular flow physics, and varying bathymetry. Today, these models
form the basis for our understanding and prediction of landslide-induced tsunamis.
The modeling of volcanic tsunamis is a similarly complex task. It involves under-
standing and simulating processes such as the collapse of volcanic edifices, the inter-
action of hot pyroclastic flows with water, and the explosive entry of magma into a
water body. Recent advancements in computational fluid dynamics (CFD) have made
it possible to simulate such complex processes with reasonable accuracy. Researchers
have used CFD to study various volcanic processes and their potential to generate
tsunamis, contributing significantly to our understanding of these phenomena [54].

Despite these challenges, considerable progress has been made in the modeling of
non-seismic tsunamis over the past few decades. Numerical models have become
increasingly sophisticated, incorporating more realistic physics and higher levels of
detail. These models have provided invaluable insights into the generation and prop-
agation mechanisms of non-seismic tsunamis, contributing to improved hazard
assessments and mitigation strategies. However, there is still much work to be done.
The inherent unpredictability and complexity of non-seismic tsunami triggers require
the continual refinement of models and methodologies. Ongoing research and invest-
ment in computational resources are needed to advance our understanding of these
events and to mitigate their risks effectively. In summary, modeling tsunami genera-
tion from non-seismic sources is a complex but essential task. Continued research in
this area is critical for improving our understanding of these phenomena, enhancing
tsunami hazard assessments, and developing effective mitigation strategies.

6. Role of bathymetry in non-seismic tsunami generation

Bathymetry, the underwater topography of ocean floors, plays an intricate role in
the generation and propagation of non-seismic tsunamis. This role is amplified con-
sidering the complex interactions involved in the non-seismic triggers of tsunamis,
such as landslides, volcanic eruptions, or meteorological phenomena. Bathymetry
directly affects the initiation and development of landslides, both submarine and
coastal, which are crucial triggers of non-seismic tsunamis. The stability of slopes
underwater and their likelihood of failure, leading to a landslide, depend heavily on
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their geometry, which is determined by bathymetry. Steeper slopes are more likely to
fail, while underwater canyons can guide the path of a sliding mass of sediments,
directing the energy of the resulting tsunami in specific directions. The propagation of
a tsunami wave, once generated, is significantly affected by bathymetric features. The
wave’s speed, direction, and amplitude can be altered by the underwater topography
as the wave travels across the ocean floor. Shoaling effects, where the wave height
increases as the water depth decreases, can significantly amplify a tsunami’s destruc-
tive power in coastal regions. Volcanic eruptions occurring underwater or on islands
can also generate tsunamis, and bathymetry plays a significant role here as well.
Submarine volcanic eruptions can directly displace water, triggering a tsunami.
The bathymetry around the volcano determines how this initial wave evolves and
propagates [48, 55].

An interesting aspect of bathymetry’s role in non-seismic tsunamis comes from the
study of meteorological tsunamis, which are generated by atmospheric disturbances.
Bathymetry can modulate these tsunamis, with the resonance between the wave
frequency and the natural frequencies of semi-enclosed basins, such as the
Mediterranean and Adriatic Seas, increasing the wave’s amplitude. Bathymetry’s
influence on non-seismic tsunamis cannot be overstated, making accurate bathymet-
ric data essential for assessing the potential impact of these events. Advanced tech-
nologies like multibeam sonar have allowed for detailed mapping of the ocean floor,
providing the necessary data for more accurate modeling and prediction of non-
seismic tsunamis [8, 56].

Despite the progress made, challenges remain in understanding and predicting the
interactions between bathymetry and non-seismic tsunamis. For instance, the com-
plexities of landslide dynamics, the influence of various bathymetric features on wave
propagation, and the resonance effects in semi-enclosed basins all require further
study. In summary, bathymetry plays an essential role in the generation and propaga-
tion of non-seismic tsunamis. Ongoing research and data collection are crucial to
deepen our understanding of these interactions and improve our ability to predict and
mitigate the impacts of these potentially devastating events.

7. Role of tectonic structures in non-seismic tsunami generation

Tectonic structures, whether undersea or terrestrial, play an integral role in the
generation and propagation of non-seismic tsunamis. Non-seismic tsunamis occur due
to triggers that do not involve tectonic earthquakes but are often closely tied to
tectonic features. Understanding these features and how they interact with the gen-
eration and propagation of tsunamis is crucial for predicting the impact and formu-
lating mitigation strategies. Undersea landslides, an important cause of non-seismic
tsunamis, can be associated with tectonic structures. Submarine landslides occur
where sediment deposited on a sloping sea floor becomes unstable and moves down-
slope. This instability can be caused by a variety of factors, but a key one is the
geometry of the sea floor, which is largely determined by tectonic processes [57]. Fault
lines and the presence of weak, fractured, or deformed sedimentary layers due to
tectonic activity can act as zones of weakness that make a slope susceptible to failure.

Similarly, volcanic eruptions and associated processes can cause non-seismic tsu-
namis, and these volcanoes are typically located near tectonic plate boundaries. The
violent release of magma and gases can cause deformation of the sea floor, leading to
displacement of water and the generation of a tsunami. In some cases, a flank or side
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of the volcano might collapse, triggering a massive landslide and subsequent tsunami,
as happened in the case of the 1883 Krakatoa eruption. A significant source of non-
seismic tsunamis is meteor impacts, which, while not directly influenced by tectonic
structures, interact with the bathymetry and undersea topography that are tectoni-
cally formed. The impact crater and its size and shape, determined by the impactor’s
size, speed, and angle of impact, also influence the initial tsunami generation [58].

The propagation and impact of non-seismic tsunamis, once generated, can also be
influenced by tectonic structures. Submarine ridges and trenches can focus or defocus
tsunami energy, leading to larger or smaller wave amplitudes at certain locations.
Tsunamis also experience refraction due to changes in water depth, which is primarily
controlled by tectonic processes. In summary, tectonic structures play a significant role
in the generation and propagation of non-seismic tsunamis, and understanding these
roles is crucial for assessing the potential impact and risk associated with these events.

8. Modeling non-seismic tsunami generation

Modeling tsunami generation, especially those resulting from non-seismic triggers
such as landslides, volcanic eruptions, and meteorological phenomena, is a challenging
task due to the intricate dynamics and unique features associated with these events.
Recent advancements in computational techniques and the growing availability of
high-resolution bathymetric and topographic data have started to enable more accu-
rate and detailed modeling of these tsunamis.

Modeling non-seismic tsunamis involves many complex processes, including the
initial trigger (like a landslide or a volcanic eruption), the propagation of the tsunami
waves across the ocean, and their interaction with the coastline. These processes occur
over different temporal and spatial scales, demanding highly flexible and efficient
computational models. For example, simulating a landslide-triggered tsunami may
require modeling the landslide motion, the wave generation, and wave propagation,
each of which occurs on a different time scale and may require different model
parameters. Tsunamis when modeling landslide-triggered tsunamis, one has to con-
sider the dynamics of the landslide itself, which include its initial position, volume,
shape, and motion. This is often done using geotechnical models, which are then
coupled with hydrodynamic models to simulate wave generation and propagation.
Several numerical methods have been employed for these purposes, including finite
element, finite difference, and boundary integral equation methods, each with its
unique strengths and limitations. One of the challenges in modeling landslide-
triggered tsunamis is accurately representing the underwater topography and the
landslide geometry. Advances in seafloor mapping technologies and satellite imagery
have provided more detailed bathymetric and topographic data, enabling more pre-
cise landslide and tsunami modeling. Generation Modeling tsunamis triggered by
volcanic activities requires a different approach. It demands a comprehensive under-
standing of the various processes involved in volcanic eruptions, such as the explo-
sion, the collapse of the volcanic edifice, the ejection of pyroclastic material, and the
resultant displacement of water. Each of these processes can contribute to the gener-
ation of a tsunami and should be accurately represented in the model [59, 60].

Another challenge in modeling volcanic tsunamis is the unpredictability of volca-
nic behavior. The timing, size, and type of eruption can vary greatly, making it
difficult to develop a generic model. Nevertheless, progress has been made in model-
ing specific types of volcanic events, such as flank collapses and pyroclastic flows,
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which are known to generate tsunamis. Tsunamis induced by meteorological phe-
nomena, often referred to as meteotsunamis, present their unique modeling chal-
lenges. These tsunamis are generated by atmospheric disturbances, such as pressure
jumps, squalls, or frontal passages, which create wave trains in the ocean. The wave
trains can amplify under certain conditions, such as resonance with the natural fre-
quencies of the basin or coastline [8, 54, 61].

Modeling meteotsunamis require coupling atmospheric and oceanic models, which
is a complex task. The atmospheric model should be able to represent the spatial and
temporal variations in atmospheric pressure, while the oceanic model should be able
to simulate the wave response to these pressure variations. One of the key challenges
in this process is capturing the resonance effects, which can greatly amplify the wave
heights. While significant progress has been made in modeling non-seismic tsunamis,
there is still room for improvement. The current models can often provide valuable
insights into the potential tsunami hazards associated with different events and guide
the development of mitigation strategies. However, they are typically based on sim-
plified assumptions, such as linear wave theory or idealized bathymetry, which may
not accurately represent the complex reality. Future advancements in tsunami
modeling will likely come from several directions. On the one hand, further develop-
ments in computational techniques and technologies, such as high-performance com-
puting and machine learning, could allow more accurate and efficient simulations. On
the other hand, more detailed and comprehensive data collection, through advanced
seafloor mapping, satellite imagery, and oceanographic observations, could provide
the necessary inputs for these models. In addition, there is a growing interest in
developing probabilistic tsunami hazard assessments, which incorporate the uncer-
tainties in the source parameters and provide estimates of the likelihood of different
tsunami scenarios. This approach, already used in seismic hazard assessment, could
offer a more comprehensive understanding of the tsunami risks and inform the
planning and design of coastal infrastructure [62–65].

Table 4 provides a comparison of different tsunami modeling techniques,
outlining their underlying assumptions, computational requirements, and typical use
cases. The table juxtaposes linear wave theory-based models, which are primarily used
for initial simulations and long-distance propagation studies, with more complex
Nonlinear models that provide greater accuracy for near-field simulations and inun-
dation studies. It also introduces the coupled atmospheric-oceanic models, which
consider both atmospheric and oceanic dynamics to study phenomena like
meteotsunamis. The computational requirements increase with the complexity and
sophistication of the model, underscoring the trade-off between model accuracy and
computational efficiency. The choice of a suitable modeling approach depends on the
specific research question and the resources at hand. The Linear Wave Theory is
governed by the wave equation, which measures the wave elevation, i.e., the vertical
displacement of the water surface, as a function of gravity and the spatial part of the
wave. This equation is especially useful for predicting the behavior of smaller, less
complex waves but may not adequately capture the behavior of larger or more com-
plex tsunamis. The governing equation for linear wave theory can be expressed as:

∂
2η=∂t2 ¼ g ∇2η (1)

where η is the wave elevation (the vertical displacement of the water surface), g is
the acceleration due to gravity, t is time, and ∇2 is the Laplace operator representing
the spatial part of the wave (it gives us the divergence of the gradient of η).

184

Earthquake Ground Motion



For more complex modeling, particularly in shallow water environments
where most tsunami impact occurs, the Nonlinear Shallow Water Equations, or
Saint–Venant equations, are often employed. These equations are derived from the
Navier–Stokes equations and represent a system of hyperbolic partial differential
equations. The Saint–Venant equations model the total water depth and velocities in
two directions, considering gravity, bathymetry, and spatial coordinates. Although
these equations simplify real-world conditions, they provide a solid foundation for
tsunami simulation models, helping predict wave propagation and run-up with
greater accuracy. As with all models, the accuracy of predictions based on these
equations depends on the quality of the input data and how well the assumptions of
the model match real-world conditions. The Saint-Venant equations are a set of
hyperbolic partial differential equations derived from the Navier-Stokes equations.
They are used to model the shallow water approximations and are particularly useful
for tsunami wave propagation and run-up simulations. The Saint-Venant equations
can be written as:

∂h=∂tþ ∂ huð Þ=∂xþ ∂ hvð Þ=∂y ¼ 0: (2)

∂ huð Þ=∂tþ ∂ hu2 þ½gh2
� �

=∂xþ ∂ huvð Þ=∂y ¼ gh ∂b=∂x (3)

∂ hvð Þ=∂tþ ∂ huvð Þ=∂xþ ∂ hv2 þ½gh2
� �

=∂y ¼ gh ∂b=∂y (4)

where h is the total water depth, u and v are the velocities in the x and y directions,
respectively, g is the acceleration due to gravity, t is time, b is the bathymetry (depth
of water at rest), and x and y are the spatial coordinates.

In the ever-evolving field of tsunami research, various modeling techniques have
been developed to understand and predict the behavior of these massive wave events.
Table 4 presents a comparative analysis of the most prominent tsunami modeling

Modeling
Technique

Underlying Assumptions Computational
Requirements

Typical Use Cases References

Linear wave
theory-based
models
(Shallow
Water
Equations)

Neglects nonlinear wave
interactions, assumes small
wave amplitudes and wave
speeds are determined solely
by water depth

Lower
computational
cost, less
computationally
intensive

Ideal for initial
simulations, studying
long-distance tsunami
propagation

[66]

Nonlinear
models
(Boussinesq
Equations)

Considers nonlinear wave
interactions, allows larger
wave amplitudes and wave
speeds are determined by
both water depth and wave
amplitude

Higher
computational
cost, more
computationally
intensive

More accurate for near-
field simulations,
studying wave run-up
and inundation

[67]

Coupled
atmospheric-
oceanic models
(WRF-
HyCOM)

Represents atmospheric
pressure variations and
oceanic wave response,
integrates both atmospheric
and oceanic dynamics

Complex,
requires both
atmospheric and
oceanic data

Needed for
meteotsunami modeling,
studying the impact of
atmospheric
disturbances on the
ocean

[68]

Table 4.
Comparison of tsunami modeling techniques.
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techniques. The table contrasts these techniques based on factors like computational
efficiency, accuracy, application range, and underlying principles. By understanding
the strengths and limitations of each method, researchers and policymakers can make
informed decisions in both academic and real-world tsunami mitigation efforts. As
tsunamis continue to pose significant threats to coastal communities worldwide, such
comprehensive comparisons are crucial for the advancement of preventative strate-
gies and response mechanisms.

9. Characteristics of tsunamis: wavelength, speed, energy, and
destructive power

Tsunamis, often incorrectly referred to as tidal waves, are a series of waves with
long wavelengths and periods that are typically caused by large-volume
displacements of water due to undersea earthquakes, landslides, volcanic eruptions, or
meteor impacts. Understanding the key characteristics of tsunamis – namely their
wavelength, speed, energy, and destructive power – is crucial for predicting their
behavior and mitigating their impact. This knowledge is particularly relevant for
communities living in coastal areas, where the effects of tsunamis are most
devastating [69].

9.1 Explanation and importance of these characteristics

• Wavelength: The wavelength of a tsunami refers to the distance between
successive wave crests. Tsunamis have exceptionally long wavelengths,
often exceeding hundreds of kilometers, which distinguish them from typical
wind-generated waves with lengths of just tens of meters [70]. The long
wavelength means tsunamis are classified as shallow-water waves, regardless of
the depth at which they travel. This property impacts the way tsunamis behave as
they approach shorelines, with implications for the resultant flooding and
destruction.

• Speed: Tsunami speed depends on the depth of the water in which it’s traveling. In
the open ocean, tsunamis can reach incredible speeds of over 700 km/h, roughly
the speed of a jet airplane. This high speed allows tsunamis to cover vast distances
across ocean basins in a relatively short time [71].

• Energy: Tsunamis carry enormous energy, sourced from the initial geophysical
event that triggered them. This energy is initially spread across the wave front as
it propagates through the ocean. As a tsunami nears the shore and the water
depth decreases, wave speed drops, and wave height increases as the energy is
compressed into a smaller volume of water. This compression often leads to the
devastating impact of tsunamis when they hit land [72, 73].

• Destructive Power: The destructive power of a tsunami is determined by a
combination of its size, speed, and the local topography of the land it impacts.
The long wavelength and high energy lead to extensive inundation of coastlines.
Moreover, tsunamis do not arrive as a single destructive wave but as a series, with
successive waves causing additional damage [72, 73].
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9.2 How these properties change as tsunamis approach shorelines

As tsunamis travel from the deep ocean toward the shore, their characteristics
transform dramatically, largely due to decreasing water depth. Understanding these
transformations can help predict the likely impact of a tsunami on coastal regions. As
the depth of water decreases, the speed of the tsunami reduces due to drag along the
seafloor. This slowing down of the tsunami wave causes the energy of the wave to be
compressed into a smaller volume, causing an increase in the wave’s height – a process
known as wave shoaling. The wave can grow to be many meters high, far exceeding
typical ocean waves [69, 74]. The long wavelength of tsunamis also results in wave
run-up on the shore, which is the vertical height above sea level that a wave reaches
up a slope or structure. The run-up can exceed the height of the tsunami in deep water
by many times, resulting in further inundation and potential damage. The interaction
of a tsunami wave with the coastal topography can also create local effects that
influence its impact. For example, bays, inlets, and the shape of the seafloor can focus
or defocus the tsunami energy, significantly influencing the height and power of the
tsunami at the point of impact [70, 71]. In summary, understanding the characteristics
of tsunamis and how they change as tsunamis approach shorelines is crucial for the
development of accurate tsunami warning systems and the implementation of effec-
tive mitigation strategies. It allows for a more precise prediction of the areas at risk,
the potential extent of inundation, and the likely destructive power of an incoming
tsunami.

10. Coastal impact and inland penetration

Tsunamis pose a significant threat to coastal communities around the world. Once
these waves reach the shoreline, they can cause widespread devastation, loss of life,
and extensive economic damage. Understanding how tsunamis interact with coastal
features and penetrate inland is key to effective disaster management planning and
risk mitigation. This includes understanding the run-up process, the extent of inland
penetration and inundation, and learning from past events such as the 2004 Indian
Ocean Tsunami.

• The Run-up Process: What Happens When a Tsunami Reaches the Shore? The run-up
process begins when a tsunami wave reaches shallow water near the coast. At this
point, the wave slows down and starts to grow in height due to the wave shoaling
effect. This height increase can be amplified by local topographic features, such
as the shape of the seafloor, coastal embayment’s, and offshore reefs. As the wave
reaches the shoreline, it continues to rise above the normal sea level, a
phenomenon known as run-up. The vertical height of the wave above the
mean sea level at its maximum inundation point is referred to as the run-up
height. This is typically the most destructive part of a tsunami, as the water
rushes onto land, causing extensive damage to infrastructure and loss of life
[70, 75]. The run-up process is influenced by a range of factors, including the
characteristics of the tsunami (e.g., wave height, period, and wavelength),
the bathymetry (shape of the seafloor), and the local coastal topography.
Given the complexity of these interactions, numerical models are often used
to predict the run-up height and extent of inundation in specific coastal
settings [76].
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• Inland Penetration and Inundation Extent: The extent of inland penetration and
inundation of a tsunami wave is largely determined by the local topography, the
tsunami’s energy and momentum, and the coastal land use and vegetative cover.
Flat, low-lying areas are particularly vulnerable to extensive inland penetration
and inundation. Coastal vegetation, such as mangroves, can provide some level of
natural defense by absorbing energy and reducing the speed of the incoming
water, although their effectiveness depends on the tsunami’s size and the
vegetation’s density [77]. The process of inundation extends beyond the initial
impact of the tsunami wave. As the wave retreats toward the sea, it carries with it
debris and sediment, causing further damage and reshaping the coastal
landscape. Additionally, tsunamis often consist of multiple waves, each with the
potential for run-up and inundation. Therefore, the damage from a tsunami
event can continue for several hours after the first wave impact. Predicting the
extent of inland penetration and inundation is crucial for coastal risk
management. Numerical models are commonly used for these predictions,
incorporating data on tsunami characteristics, bathymetry, and coastal
topography. However, these models require validation and calibration based on
field observations from past tsunami events [75, 76].

• Case Study: 2004 Indian Ocean Tsunami: The 2004 Indian Ocean Tsunami,
triggered by one of the most powerful earthquakes in recorded history off the
west coast of northern Sumatra, offers a stark illustration of the devastating
impact of tsunamis on coastal communities. The earthquake, with a magnitude of
9.1–9.3, generated a tsunami that radiated across the entire Indian Ocean, causing
widespread damage and loss of life in 14 countries. In terms of the run-up process
and inland penetration, the impacts varied greatly across the affected regions,
reflecting differences in local topography, coastal features, and the magnitude of
the tsunami waves. The highest recorded run-up height was over 50 meters on
the west coast of Sumatra, near the earthquake epicenter. On the coasts of
Thailand, Sri Lanka, India, and the Maldives, run-up heights of 2 to 15 meters
were commonly reported [78]. The extent of inundation was also highly variable,
reaching up to 5 kilometers inland in Sumatra’s flat coastal plains. In other areas,
the inundation was less extensive but still caused significant damage due to the
high population density and extensive infrastructure along the coasts [79]. The
2004 Indian Ocean Tsunami underscored the need for comprehensive tsunami
risk management, including early warning systems, public education, and land-
use planning in coastal areas. It also highlighted the importance of understanding
the complex processes of tsunami run-up, coastal impact, and inland penetration
for predicting the potential impacts of future events and developing effective
mitigation strategies.

11. Mitigation measures and warning systems

Tsunamis, due to their destructive nature and potential for significant loss of life and
property, necessitate robust mitigation measures and early warning systems. Effective
warning systems for tsunamis involve a combination of seismic activity monitoring,
deep-ocean assessments, and coastal sea-level monitoring. Figure 3 encapsulates the
intricate system designed for tsunami monitoring, early warning, and hazard assess-
ment, detailing the sequence from seismic detection to community response.
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Panel a of Figure 3 depicts the initial phase where an earthquake occurs, causing a
shift in the seafloor and potentially generating a tsunami. This seismic activity is
detected by ocean-bottom sensors, which relay information to seismic sensors on land.
The data collected is critical for determining the magnitude of the earthquake and the
likelihood of a tsunami.

Figure 3.
Tsunami monitoring, early warning, and hazard assessment [80].
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In Panel b, the focus shifts to the underwater topography and fault dynamics that
contribute to tsunami generation. The diagram illustrates an earthquake occurring
along a shallow dip fault, with parameters such as the rupture patch length and width,
and the sediment layers that might influence the nature of the seismic event. The
accretionary wedge, splay faults, and plate roughness are labeled, showcasing the
complexity of the ocean floor where tsunamis originate.

Panel c is divided into two key components of tsunami risk management: the
forecast and warning system, and the prediction and long-term assessment. In the
forecast and warning section, a flowchart illustrates the progression from a monitor-
ing network, which could include instruments like DART buoys, to the broadcast of
warnings through various communication channels, culminating in the evacuation
of people to safer areas. The lower part of Panel c highlights the importance of
historical data for predicting future events, inundation mapping for understanding
potential impact areas, and the development of protection and relocation strategies to
minimize risk.

Together, these visuals in Figure 3 present a comprehensive overview of the
sophisticated approach to managing the threat of tsunamis, from undersea detection
to strategic community planning. This multi-tiered strategy is vital for safeguarding
coastal regions from the often catastrophic consequences of these formidable natural
events.

11.1 Traditional and modern tsunami warning systems

Historically, people living in tsunami-prone regions have relied on natural signs,
such as the sudden recession of the sea, ground shaking, or specific animal behaviors,
to warn of an incoming tsunami. However, these traditional warning signs provide
little advance warning and may not be recognized by all community members, espe-
cially visitors or those who are asleep or indoors. Modern tsunami warning systems, in
contrast, leverage scientific and technological advancements to rapidly detect seismic
events, determine their tsunami generation potential, and disseminate warnings to
potentially affected communities. These systems typically involve a network of seis-
mometers to detect undersea earthquakes, tide gauges and deep-sea pressure sensors
to measure changes in sea level and wave characteristics, and computer models to
forecast tsunami propagation and inundation. Upon detection of a potentially
tsunamigenic earthquake, the warning system analyzes the seismic data to estimate
the earthquake’s location, depth, and magnitude. If the event is deemed to have high
tsunami generation potential, a tsunami warning is issued, typically through a range of
channels to ensure broad dissemination. This may include sirens, broadcast media,
text messages, and social media alerts [81, 82].

11.2 Coastal defenses and their effectiveness

A range of coastal defenses can be employed to mitigate the impacts of tsunamis,
from natural systems such as mangroves and coral reefs to engineered structures such
as seawalls and breakwaters. The effectiveness of these defenses varies widely and
depends on the size of the tsunami, the specific characteristics of the coastal area, and
the design and maintenance of the defense structures. Engineered defenses, such as
seawalls and breakwaters, are designed to absorb the energy of incoming waves and
prevent or reduce inundation. While these structures can be effective against smaller
tsunamis, they may be overwhelmed by larger events, as was the case in the 2011

190

Earthquake Ground Motion



Tohoku Earthquake and Tsunami in Japan. Moreover, these structures can be expen-
sive to build and maintain, and they can have negative impacts on coastal ecosystems
and beach accessibility. Natural defenses, such as mangroves, coral reefs, and sand
dunes, can also protect against tsunamis by absorbing wave energy and reducing the
speed and height of incoming waves. These natural systems offer the added benefits of
enhancing coastal biodiversity, sequestering carbon, and providing recreational oppor-
tunities. However, their effectiveness is limited by their extent and density, and they
may not provide sufficient protection against large tsunamis [21, 83].

11.3 Community preparedness and education

In addition to warning systems and physical defenses, community preparedness
and education are critical components of tsunami risk mitigation. This includes
developing evacuation plans, conducting regular drills, educating community
members about tsunami risks and response strategies, and building resilient
infrastructure. Evacuation plans should include clearly marked evacuation routes and
assembly points, and they should be designed to ensure that all community
members can reach a safe location within the available warning time. Regular drills
can help to familiarize community members with these plans and identify potential
issues before a real event occurs. Education programs can raise awareness of tsunami
risks, provide information on natural warning signs and appropriate response actions,
and promote a culture of preparedness. These programs can target various audiences,
including students, residents, and visitors, and they can utilize a range of formats,
from school curriculums and community workshops to informational signs and online
resources [84, 85].

11.4 Case study: tsunami warning and mitigation in Japan

Japan, as a country located in a highly seismic region, has developed one of the
most advanced tsunami warning and mitigation systems in the world. This includes a
dense network of seismometers and sea-level monitoring stations, sophisticated tsu-
nami forecasting models, extensive coastal defenses, and comprehensive community
preparedness programs. In the wake of the 2011 Tohoku Earthquake and Tsunami,
Japan has made significant improvements to its tsunami warning system, including
installing additional deep-sea pressure sensors and developing improved tsunami
prediction models. Despite these advances, the 2011 event underscored the limitations
of engineered defenses and the importance of timely and accurate warnings. The
event also highlighted the need for continued improvements in community prepared-
ness, particularly in terms of evacuation planning and public education [86, 87].

12. Emerging research and future directions

The past two decades have seen significant advancements in our understanding of
tsunamis and their triggers. This progress has been driven by several major tsunami
events, which have provided new data and insights, as well as technological advances
in fields such as seismology, oceanography, and numerical modeling. In this section,
we review some of the key developments and outline potential directions for future
research.
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• Recent Developments in Understanding Tsunami Generation: Several recent
developments have improved our understanding of the processes involved in
tsunami generation. These advancements have been facilitated by an increase in
the quality and quantity of data available for analysis, as well as advancements in
numerical modeling techniques. A significant development is the recognition that
non-seismic sources, such as landslides and volcanic eruptions, can also generate
tsunamis. This understanding has been advanced by events such as the 1958
Lituya Bay landslide in Alaska and the 2018 Anak Krakatau eruption in Indonesia,
which generated significant tsunamis. Researchers are now investigating the
specific conditions under which these non-seismic events can trigger tsunamis,
and how the characteristics of these tsunamis may differ from those triggered by
seismic events [88, 89]. Another area of advancement is in our understanding of
how the characteristics of seismic events, such as their magnitude, depth, and
type, affect tsunami generation. For instance, researchers have found that larger
magnitude earthquakes are more likely to generate tsunamis and that the depth
and type of the earthquake can also play a crucial role. In addition, there have
been significant advances in the modeling of tsunami generation and
propagation. These models incorporate complex bathymetric and topographic
features, as well as realistic representations of the seafloor displacement caused
by seismic events. Such models can help researchers better understand and
predict the behavior of tsunamis and are an important tool for tsunami hazard
assessment [21, 90].

• Directions for Future Research: There are several areas that warrant further
exploration in future research. One of these is a deeper understanding of non-
seismic tsunami sources. While significant progress has been made, there is still
much to learn about the conditions under which landslides, volcanic eruptions,
and meteorological events can generate tsunamis and how these tsunamis may
differ from those caused by seismic events. Another area of potential research in
the development of more accurate and comprehensive models of tsunami
generation and propagation. Recent advancements in computational power and
artificial intelligence offer promising opportunities for the development of high-
resolution, multi-dimensional models that can accurately simulate complex
tsunami behaviors [91, 92]. In addition, future research could focus on the impact
of tsunamis on coastal and inland areas. This could involve investigations into the
process of tsunami run-up and inundation and the development of methods for
assessing the vulnerability of coastal communities and infrastructure to tsunami
hazards. Finally, there is a need for research that translates scientific
understanding of tsunamis into effective mitigation strategies. This could involve
the development of effective tsunami warning systems, the design of tsunami-
resistant infrastructure, and the implementation of community education
programs to enhance public awareness and preparedness for tsunamis [93, 94].

• Improved Understanding of Non-Seismic Tsunami Sources: While seismic events
remain the most significant source of tsunamis, recent events have underscored
the importance of non-seismic triggers, such as landslides and volcanic eruptions.
There remains much to learn about these triggers, particularly in terms of their
frequency, geographic distribution, and tsunami-generating potential. Future
research in this area could provide valuable insights for hazard assessment and
mitigation efforts [90].
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• Advancements in Tsunami Modeling: There is an ongoing need for advancements
in tsunami modeling. This includes the development of more accurate and
comprehensive models of tsunami generation, propagation, and inundation, as
well as the integration of these models into real-time warning systems. Recent
advances in high-performance computing and artificial intelligence offer
promising opportunities in this regard [92].

• Enhanced Coastal Defenses and Evacuation Planning: Effective tsunami mitigation
requires a multifaceted approach that combines physical defenses, such as seawalls
and tsunami evacuation buildings, with well-planned evacuation strategies. Research
in this area could focus on the design and evaluation of these measures as well as the
development of innovative solutions, such as floating tsunami shelters [85].

• Strengthening Community Preparedness and Response: Given the potentially
devastating impacts of tsunamis, it is critical to enhance community
preparedness and response. This could involve research on risk perception and
behavior, the development of effective education and awareness programs, and
the evaluation of communication strategies for tsunami warnings [94].

13. Conclusion

In this comprehensive exploration of tsunami generation and impact, we have delved
deeply into both seismic and non-seismic sources, underpinning the significant threats
they pose to global coastal communities. Tsunamis, distinguished from regular ocean
waves by their extraordinary energy and far-reaching impacts, are complex natural
phenomena that demand our undivided attention and rigorous scientific investigation.

• Seismic activities, particularly undersea earthquakes, have been recognized as
predominant triggers of tsunamis. Throughout this chapter, we have explored
how the magnitude, depth, and type of seismic activity influence tsunami
generation. The 2011 Tohoku Earthquake and Tsunami served as a key case
study, highlighting the destructive potential of seismic tsunamis and the
profound effects they can have on ocean floor topography. We have also delved
into the dynamics of foreshocks, mainshocks, and aftershocks and their
respective roles in tsunami genesis.

• In the realm of non-seismic triggers, we have examined the potent potential of
landslides, volcanic eruptions, and meteorological events in generating tsunamis.
Each of these triggers presents unique challenges and necessitates further
research for a comprehensive understanding. The case study of the 1958 Lituya
Bay Landslide and Tsunami underlines the profound potential for destruction
these triggers can possess.

• We have navigated the complex terrain of modeling tsunami generation from
these diverse sources. Despite the inherent challenges, advances in technology
and methodology are continually enhancing our ability to predict and respond to
these devastating events. This chapter has also underscored the crucial roles of
bathymetry and tectonic structures in tsunami generation, emphasizing the
necessity of considering these factors in our predictions and preparations.
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• When it comes to non-seismic triggers, our discussion has underscored their
significance in the broader context of tsunami generation. The devastating
impact of the 1958 Lituya Bay Landslide and Tsunami, examined as a key case
study, highlights the importance of extending our focus beyond earthquakes to
include other triggers such as landslides, volcanic eruptions, and even
meteorological events. However, these non-seismic sources pose unique
challenges due to their varied nature, thereby necessitating specialized
investigation and predictive modeling techniques.

• The endeavor to model tsunami generation from non-seismic sources is
undoubtedly complex but vital for improving our understanding and predictive
capabilities. Advances in technology and computational methods have propelled
progress in this domain, but the path toward accurate and reliable prediction is
paved with continuous exploration and learning.

• Moreover, the intricate roles of bathymetry and tectonic structures in tsunami
generation cannot be overlooked. The bathymetric features of an area can
dramatically influence how a tsunami forms and propagates, while tectonic
structures may serve as hotspots for both seismic and non-seismic tsunami triggers.
This understanding has significant implications for risk assessment, disaster
preparedness, and mitigation strategies in coastal regions worldwide.

• In the face of these complexities, this chapter has reinforced the need for
interdisciplinary collaboration. From geophysicists and oceanographers to
engineers and disaster management experts, the collective efforts of many
disciplines are required to piece together the jigsaw puzzle that is tsunami
genesis. Our quest for understanding is far from over, but each new piece of
knowledge takes us one step closer to the goal: the protection of life and property
against the devastating impacts of tsunamis.

• It is crucial to acknowledge that non-seismic triggers also hold the potential to
generate tsunamis, sometimes with catastrophic effects. Landslides, volcanic
eruptions, and meteorological events can induce tsunamis, contributing significantly
to our understanding of these natural disasters’ diverse origins. The 1958 Lituya Bay
Landslide and Tsunami serve as a testament to the substantial impacts of these non-
seismic triggers, further reinforcing the need for comprehensive investigations and
advanced modeling techniques that consider these distinct sources.

• Modeling tsunami generation, particularly from non-seismic sources, remains
a complex yet essential endeavor, pivotal for enhancing our predictive
capabilities and devising effective disaster management strategies. As
technology advances and computational methods become more refined, the
progress made in this realm can significantly improve the accuracy and reliability
of our models.

• The comprehensive roles of bathymetry and tectonic structures in tsunami
generation warrant profound attention. These aspects can significantly influence
the formation, propagation, and subsequent impact of tsunamis, with important
implications for disaster risk assessment, preparedness, and mitigation efforts in
vulnerable regions worldwide.
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• In closing, this chapter highlights the importance of continuous vigilance and
research in our quest to understand tsunamis. Although significant strides have
been made in our comprehension of these natural disasters, there is still much to
uncover. By persistently enhancing our research techniques, refining our models,
and advancing our disaster management strategies, we can progressively mitigate
the powerful impacts of tsunamis. It is hoped that the insights shared in this
chapter will inspire ongoing research and contribute to a deeper understanding of
tsunamis, ultimately promoting the safety and well-being of vulnerable coastal
communities worldwide.

• In conclusion, this chapter underscores the vastness of the field of tsunami
studies and highlights the essentiality of continuing research efforts. It
emphasizes the necessity or not only understanding the geophysical mechanisms
of tsunamis but also the critical need for preparing societies to better cope with
the impacts of these often-devastating natural events. The hope is that the
knowledge gleaned from this chapter, combined with future research efforts, will
lead to more accurate tsunami prediction methods, more effective mitigation
strategies, and ultimately safer coastal communities.
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Perspective Chapter: Application of
Gyroscopes in Geophysics
Yanjun Chen, Lanxin Zhu, Fangshuo Shi, Yan He
and Zhengbin Li

Abstract

More researchers have gradually realized that gyroscopes are powerful rotational
measurement sensors, and the use of high-performance gyroscopes in geophysics
began in the last decade and continues to deepen. This chapter will present the
applications of gyroscopes in geophysics. In rotational seismology, large gyroscopes
are used in the observation and analysis of natural earthquakes; miniaturized and
portable fiber-optic gyroscopes are used in practical applications, including high-
speed-railway seismology, natural earthquake observation, and subsurface structure
imaging. In the study of the Earth’s rotation, the angular velocity of the Earth’s
rotation is observed with large optical gyroscopes. In gravimetry, high-performance
fiber-optic gyroscopes are used to measure the rotational motion generated by the
gravitational field and, hence, the gravity gradient.

Keywords: gyroscope, geophysics, rotational seismology, high-speed-railway
seismology, Earth’s rotation, universal time measurement, gravimetry, gravity
gradient

1. Introduction

Gyroscopes are sensors that measure rotational motion and can be used to measure
the rotational parameters of an object, such as angle, angular velocity, and angular
acceleration. In the field of geophysics, there are many phenomena related to rota-
tional motion, such as the Earth’s rotation, the rotational component of seismic waves,
etc.; thus, gyroscopes can play a vital role in geophysics.

In fact, the first well-known application of gyroscopes was in the field of geophys-
ics. In 1852, J. Foucault used the directional stability of a high-speed rotating rigid
body to design the first gyroscope for verifying the Earth’s rotation [1]. The phenom-
enon caused by the Earth’s rotation can only be seen for about 10 minutes due to the
friction of the mechanical rotor. This is also known as the basis for electro-mechanical
gyroscopes based on classical mechanics.

With the development of Einstein’s theory of relativity, G. Sagnac proposed the
Sagnac effect in 1913 [2], that is, the phase difference between two light waves
traveling opposite each other along the closed optical path is proportional to the
angular velocity of the normal direction of the closed optical path. This has become
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the sensing principle of the current optoelectronic gyroscopes. In 1925,
A. A. Michelson and H. G. Gale used a large ring interferometer with a circumference
of about 2 km to increase sensitivity and were able to measure the Earth’s rotation [3].
After the advent of the He-Ne gas laser, Macek and Davis validated the ring laser
gyroscope in 1963 [4]. Fiber-optic gyroscope (FOG) is developed on the basis of the
fiber-optic communication device. In 1966, K. C. Kao proposed that the high loss of
optical fiber material is caused by its impurities, and the loss can be reduced to 20 dB/
km by reducing the impurities in the material [5]. This became the beginning of the
practical use of optical fibers. In 1967, G. Pincher and G. Hepner first proposed the
idea of making FOG by enhancing the Sagnac effect with multi-turn fiber-optic coils
[6]. In 1976, Victor Vali and Richard W. Shorthill successfully demonstrated the first
FOG in the laboratory, marking the birth of the FOG [7].

Due to the fact that rotational phenomena in geophysics are usually small, the
requirements for the performance of gyroscopes are very high. With the development
of optical devices such as optical cavities, lasers, and optical fibers, optical gyroscopes
based on the Sagnac effect have gradually become the first choice for high-
performance applications. Furthermore, as the performance of gyroscopes has
improved, new branches of geophysics have been born in the last two decades, such as
rotational seismology and high-speed-railway seismology. The following sections
show applications of high-performance gyroscopes in seismology, Earth’s rotation,
and gravimetry.

2. Applications in seismology

2.1 Rotational component of seismic wave

In seismology, the classical linear elastic theory is commonly used to describe the
distortion of a medium.With the assumption of infinitesimal deformations, a function
of the space u ¼ u xð Þ is used to denote the translational displacement of the points x.
For a point xþ δx in its vicinity, the displacement u xþ δxð Þ can be written as [8]:

u xþ δxð Þ ¼ u xð Þ þ εδxþ ω� δx, (1)

where ε denotes the strain tensor, and ω represents the rotation vector. Under the
assumption of small and linear deformations, the rotation vector ω is neglected. On
the one hand, this is due to the small amplitude of the rotation relative to the transla-
tional motion. On the other hand, this is also because the rotational phenomena in
seismic waves are not obvious, and the performance of the measurement sensors is
not sufficient.

But the fact is that the rotational properties of seismic waves do exist and cannot be
neglected. The earliest recorded rotation of buildings and tombstones caused by an
earthquake was the shifting of two obelisk-shaped pillars during an earthquake in
Calabria in 1783 [9]. This record attracted the attention of many researchers, and
seismologists set out to find and design the sensors for observing the rotational
component of seismic waves.

The introduction of gyroscopes into the field of view of seismologists and the
measurement of the rotational component of seismic waves dates back to 1968. W. E.
Farrell developed a gyroscope with two counter-rotating pendulums. During the
Borrego earthquake of April 9, 1968 (M 6.5), static dislocations of less than 1 cm and
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rotations of less than 5� 10�4 rad were observed at La Jolla, California, 115 km from
the source [10].

With the development of optical devices, optical gyroscopes have replaced electro-
mechanical gyroscopes in geophysical applications due to their high sensitivity. Built
on October 5, 2001, the Ring Laser Gyroscope G is located at the Wettzell Geodetic
Observatory in Bavaria, Germany. It observed the Tokachi-Oki earthquake (M 8.1)
which occurred in Hokkaido, Japan on September 25, 2003. In this work, the transla-
tional and rotational components of the earthquake are compared. This is the first
reported observational record of rotational motion about a vertical axis induced by a
large distant earthquake consistent with the shape of translational motion [11]. An
FOG placed at the National Time Service Center in Xi’an, China, obtained the rota-
tional motion record of an earthquake (M 4.9) that occurred in Yingcheng, Hubei
Province, China, at 18:36:34 on December 26, 2019 (UTC + 8) [12]. The distance from
the FOG to the epicenter of the earthquake is about 580 km.

2.2 Rotational seismology

Rotational seismology, a branch of seismology that studies the rotational ground
motion induced by earthquakes, has seen significant advances over the years. It has
emerged as an essential component of earthquake studies, providing valuable insights
into the complex dynamics of seismic events [13].

The development of rotational seismology dates back to the mid-twentieth cen-
tury, when scientists began to recognize the importance of rotational ground motion.
Early observations were primarily made through the use of simple pendulum-type
rotational sensors [14]. As seismology has expanded, it has become clear that the
rotational component of seismic waves carries valuable information that cannot be
adequately captured by traditional translational seismometers alone. Advances in
technology and instrumentation in recent decades have led to the establishment of
dedicated rotational seismology networks, facilitating the systematic study of these
complex rotational signals.

To promote the research of rotational seismology, an international working group
on rotational seismology (IWGoRS) was organized to promote investigations of rota-
tional motions and their implications and to share experience, data, software, and
results in an open web-based environment. Researchers can join IWGoRS at http://
www.rotational-seismology.org, subscribe to mailing lists, and contribute to the con-
tent (publications, data, links, etc.). Nowadays, rotational seismology has gained
considerable momentum in earthquake research. Seismologists have come to appreci-
ate the significance of rotational ground motions in understanding the rupture pro-
cess, seismic focal mechanisms, and seismic wave propagation [15, 16]. The rotational
components of ground motion have been observed and analyzed in various seismic
events worldwide, enhancing our understanding of seismic source processes and their
associated complexities.

2.3 Gyroscopes as rotational seismometers

The successful implementation of rotational seismology relies on high-
performance rotational seismometers. Rotational seismometers are critical in
capturing and analyzing the rotational components of ground motion during
seismic events. The core of a rotational seismometer lies in its angular velocity sensor
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(i.e., gyroscope), which comes in various types, such as mechanical gyroscopes [17],
MEMS (Micro-Electro-Mechanical System) gyroscopes [18], electrochemical gyro-
scopes [19], laser gyroscopes [20], and FOGs [21–23]. Based on actual observation
cases, researchers at Ludwig-Maximilians University specified the following a priori
requirements of seismic rotational sensors [24]:

1.The sensor needs to be effectively insensitive to linear motion, or at any rate,
distinct measurement of linear and rotational motions must be possible.

2.For installing networks of temporary stations, the instrument needs to be small
and stable with respect to ambient conditions, including changes in temperature.

3.The electrical power supply should be easily managed with batteries, at least in
combination with solar panels or fuel cells.

4.A useful instrument for weak motion seismology needs to be able to measure
amplitudes in the order of 10�7 rad/s at periods from 10 to 100 s.

Mechanical and MEMS gyroscopes use the principle of angular momentum conser-
vation to measure rotational motion. They are simple and reliable; however, they have
relatively low sensitivity and are susceptible to the influence of vibrations and shocks,
leading to potential measurement errors. Electrochemical gyroscopes measure the
change in capacitance of charged particles to measure the angular velocity. They are
cost-effective but suffer from low sensitivity and limited frequency response as well as
dynamic range. Both laser gyroscopes and FOGs are high-precision rotational sensors
that employ the Sagnac effect to measure angular rotation. However, the larger size
and complexity of laser gyroscopes limit their portability, and they are also more
expensive compared to other gyroscopes. The FOG-based rotational seismometer is an
all-solid-state device without any moving parts, enabling the design of compact, light-
weight, and energy-efficient rotational seismometers. This makes FOG-based rota-
tional seismometers highly suited for easy deployment and integration into existing
seismic networks. Besides, FOG exhibits a wide dynamic range, allowing it to probe a
wide range of rotational motions, from large-scale seismic events to microseismic
events. This capability ensures that FOG-based rotational seismometers can capture
and analyze a wide spectrum of rotational ground motions, providing comprehensive
data for seismic research. In the following content, we choose two representative FOG-
based rotational seismometers to introduce, the BlueSeis-3A and the Three-component
Dual-Polarization Fiber-Optic Rotational Seismometer (DP-Rot3C) (Figure 1).

2.3.1 BlueSeis-3A

BlueSeis-3A is the first commercially available FOG-based rotational seismometer.
This rotational seismometer has gained widespread recognition for its high sensitivity
and stable performance in measuring ground rotational motions. It utilizes three
closed-loop FOGs, each with a 5 km long fiber-optic coil, assembled in mutually
orthogonal orientations, forming a three-component rotational seismometer.

Specifically, the self-noise of the rotational seismometer determines the minimum
detectable angular rate and is typically represented by the power spectral density
(PSD) or the square root of the power spectral density (root PSD) obtained from static
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tests. Currently, BlueSeis-3A exhibits a root PSD of 20nrad=s=
ffiffiffiffiffiffi
Hz

p
within the fre-

quency range of 0.001–100 Hz [22], as shown in Figure 2(a).
The nonlinearity of the scale factor is an indicator of the nonlinear error between the

input and output angular velocities of the rotational seismometer. Typically, the entire
measurement range is tested, and the maximum error is compared to the measured
range to calculate the ratio. Displayed in Figure 2(b), in the angular rate range from
0.035 to 0.873 rad/s, the nonlinearity level of the scale factor is maintained within
50 ppm (parts per million) [22], meeting the performance requirements in seismology.

2.3.2 DP-Rot3C

DP-Rot3C, proposed and implemented by Peking University, is another high-
precision FOG-based rotational seismometer. DP-Rot3C consists of three orthogonal

Figure 1.
The pictures of (a) BlueSeis-3A and (b) DP-Rot3C.

Figure 2.
(a) The self-noise and (b) scale factor nonlinearity of BlueSeis-3A [22].
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open-loop FOGs, each with a fiber-optic coil of length 6 km. Notably, each FOG
component in DP-Rot3C adopts a dual-polarization configuration [25], enabling the
multiplexing of two orthogonal polarization states originating from the same light
source, thus allowing enhanced simultaneous measurement of rotational ground
motions.

Essentially, each component consists of two sets of highly consistent gyroscopes
that act as mutual reference signals. Through the implementation of cooperative
processing of two polarization states, the relative intensity noise (RIN), which is the
most significant factor affecting the self-noise of FOG, is substantially suppressed. As
shown in Figure 3(a), the root PSD of three components of DP-Rot3C reaches
20nrad=s=

ffiffiffiffiffiffi
Hz

p
from 0.01 to 125 Hz. The fluctuations observed in the high-frequency

segments of the root PSD are mainly attributed to environmental vibrations.
DP-Rot3C utilizes an open-loop configuration, where the nonlinearity of the scale

factor has been a limiting factor in achieving high-precision measurements and appli-
cations in seismic wave observations. The primary source of nonlinearity errors stems
from the nonlinear characteristics of components in optoelectronic detection systems,
including photodetectors, amplifiers, analog-to-digital converters, and piezoelectric
phase modulators. To address this issue, a simple and effective compensation

Figure 3.
(a) Self-noise and (b) scale factor nonlinearity of DP-Rot3C.

Name Self-noise Bandwidth Scale factor nonlinearity Size

(nrad/s/
ffiffiffiffiffiffiffi
Hz

p
) (Hz) (ppm) (mm�mm�mm)

BlueSeis-3A 20 0.001–100 <50 318diameter� 335

DP-Rot3C 20 0.01–125 <10 200� 200� 200

RotSensor3C [23] 120 0.005–125 <10 190� 190� 165

DP-Rot1C [27] 9 0.01–125 <3 330diameter � 100

FOSREM-BB [28] 32 0.1a–328.12 No data 360� 360� 160

FOSREM-SS [28] 49 0.01a–328.12 No data 470� 360� 230

R-2 [29] 60 0.03–50 No data 120� 120� 102
aEstimated from Allan variance curve.

Table 1.
Key performance indicators of current portable rotational seismometers.
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algorithm named the k-value compensation algorithm has been proposed [26].
This algorithm models the nonlinear response error of the detection system and
effectively compensates for the output angular velocity in real time within the
demodulation system. Experimental results demonstrate that even after
expanding the measurement range from �30∘=s to �300∘=s, the k-value
compensation algorithm successfully achieves a scale factor nonlinearity of only
2.5 ppm. This makes DP-Rot3C the open-loop FOG with an ultra-small scale factor
nonlinearity. This enhancement ensures an accurate and linear response over a wide
range of ground motion amplitudes, contributing to improved accuracy in seismic
event characterization.

Table 1 gives the key performance indicators of current portable rotational seis-
mometers.

2.4 Applications cases

Gyroscopes have emerged as crucial tools in rotational seismology, providing sig-
nificant advances in various fields. In this section, three typical examples are
presented, including high-speed-railway seismology, natural earthquake observation,
and subsurface structure imaging.

2.4.1 High-speed-railway seismology

High-speed railway, as a critical transportation infrastructure, is characterized by
its stable, punctual, and high-speed operation. In seismology, high-speed railways also
generate vibration signals at different frequencies during their operation. While pre-
vious studies of high-speed railway vibrations have focused on their interference with
seismic station monitoring and damage to buildings near the railway, train vibrations
have rarely been considered as a source for studies of underground structure detec-
tion. Zhang et al. have proved that this signal can be regarded as a passive source

Figure 4.
Three-component waveforms recorded by a (a) rotational seismometer and (b) translational seismometer as the
high-speed train passes by.
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signal that is generated regularly, which can provide new methods for geological
exploration, structure detection, resource prospecting, etc. [30]. FOG-based rota-
tional seismometers play a crucial role in accurately measuring the rotational ground
motion induced by a high-speed train along a railway.

Signals from high-speed trains have been observed using FOG-based seismometers
in the vicinity of high-speed railways and viaducts near Dingxing, Hebei Province,
China. Vibrational signals excited by different trains were analyzed in both time and
frequency domains. Additionally, a comparison was made with the signals recorded
simultaneously and at the same location using a separate set of three-component
translational seismometer [31].

As shown in Figure 4, in the time domain, both the rotational and translational
signals of the ground vibration induced by the moving high-speed train show periodic
phenomena caused by the grouping of 16 carriages. The period of 16 consecutive
stable periodic waveforms is 0.31 s. It is deduced that the actual travel speed of the
train recorded is 281 km/h. In Figure 5, the amplitude spectra of the signal received by
the rotational seismometer and translational seismometer have 16 obvious discrete
spectral lines, and the amplitude spectra energy is basically concentrated between 20
and 60 Hz, and the spacing between the discrete spectral lines is mostly 3.3 Hz. This is
most likely related to the wave nature of the high-speed railway signals, which is
worthy of further study.

2.4.2 Natural earthquake observation

Observations and characterization of natural earthquake events are fundamental to
understanding seismic mechanisms and earthquake hazards. In addition to the exam-
ples presented in Section 2.1, a high-precision FOG-based seismic seismometer located
in Wuhan successfully detected the earthquake signal of a M 6.4 earthquake in
Yangbi, Yunnan province, China, which occurred at a distance of 1510 km from the
observation station [32]. Using the relationship between the translational and

Figure 5.
Amplitude spectra of the waveforms recorded by a (a) rotational seismometer and (b) translational seismometer as
the high-speed train passes by.
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rotational components of the seismic wave fields, the Love wave phase velocity and
incident angle beneath the station are estimated (Figure 6). The estimated phase
velocity values are comparable to those obtained through model analysis and array
processing, revealing distinct dispersion characteristics. The back-azimuth estimation
suggests that the Love wave deviates slightly from the great circle path but signifi-
cantly from the tail wave portion. These findings demonstrate the potential of single-
point, multicomponent seismic rotation and translational wave field records in related
seismological research.

2.4.3 Subsurface structure imaging

As seismic waves pass through subsurface structures, their wave fields undergo
changes such as refraction, reflection, scattering, and other phenomena, which pro-
vide information about the underground structure. According to the characteristics of
the seismic wave propagation, the observed seismic wave velocity, amplitude attenu-
ation, and other information can be used to infer the underground structure, so as to
complete the underground structure imaging. With the application of gyroscopes in
rotational seismology, the rotational component of the seismic wave field is
supplemented, and more complete information about the seismic wave field can be
obtained for the study of subsurface structures.

Keil et al. conducted a single station test near the geothermal well SWMHK and
BRUD station in Munich [33]. In this test, a BlueSeis-3A rotational seismometer and a
Nanometrics Trillium Compact translational seismometer were used. They calculated
the dispersion curves of the Love wave and Rayleigh wave, combined with the hori-
zontal and vertical component spectral ratio (HVSR or H/V) technology of the trans-
lational component. These dispersion curves and H/V ratio are used in joint inversion,
and the inversion is constrained to a three-layer model to obtain the most reliable P-
wave and S-wave velocity profiles, as shown in Figure 7. As an application, the

Figure 6.
(a) Vertical rotation rate and converted rotation rate from theoretical transverse accelerations. (b) back-azimuths
(BAzs) estimation [32].
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resulting 1D velocity profile will be used in future studies to estimate the local shaking
characteristics in Munich.

3. Applications in the Earth’s rotation

As a rotational motion sensor, the earliest application of gyroscopes was to mea-
sure the Earth’s rotation. However, due to the overall stability of the Earth’s rotation,
variations in rotation are small. Therefore, quantitative studies of the Earth’s rotation
rely on high-precision gyroscopes. With the development of laser technology and
optical devices, high-precision real-time measurements of the Earth’s rotation using
large optical gyroscopes have become the first choice.

Optical gyroscopes can directly measure the Sagnac effect caused by the Earth’s
rotation. Its configuration is a Sagnac interferometer, consisting of two symmetric
optical paths. Inside, a path of light emitted by the light source travels in one

Figure 7.
Estimation of (a) Love and (b) Rayleigh wave dispersion curves with BlueSeis-3A and a translational
seismometer, and the resulting (c) three-layer P- and S-wave velocity profiles and (d) lithologic profile [33].
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direction, passing through the loop and returning to the starting point. The other path
of light is also emitted from the source but travels in the opposite direction, also
passing through the loop and returning to the starting point. When light passes
through an optical loop, it creates a phase difference caused by rotation due to the
projection of the Earth’s angular velocity in the plane where the loop is located. The
interference phase difference ϕs between the two paths is

ϕs ¼
8π
λc

S � ω, (2)

where λ is the central wavelength of the light, c denotes the speed of light in
vacuum, S represents the area vector of the closed optical loop, and ω is the rotation
velocity vector of the Earth.

At present, the technology for measuring universal time is mainly based on Very
Long Baseline Interferometry (VLBI). Measurements of the Earth’s rotation using this
method are indirect and require observations of reference objects such as satellites
beyond the Earth, the Moon, stars, or extragalactic radio sources. In contrast to VLBI,
measurements using optical gyroscopes have high real-time performance and do not
require the observation of a reference target source outside the Earth.

Since the end of the last century, the team led by G. E. Stedman began to build a
ring laser gyroscope in New Zealand to study the Earth’s tides and lunar nutations
[34]. After that, the team successively built a series of large-scale laser ring gyroscopes
with higher precision. A laser gyroscope named “G” for continuous Earth rotation
monitoring was built by K. U. Schreiber and located at the Geodetic Observatory
Wettzell, Germany [35]. As shown in Figure 8, the ring laser body forms a square
with a side length of 4 m. The average noise level at subdaily frequencies is less than 1
part in 109 after an integration time of about 104s [36]. This puts the detection limit
for subdaily signals to 2 nrad for polar motion and 0.15 ms for length of day. In 2016, a
large-scale laser gyroscope called “ROMY” (Rotational Motions in Seismology) was
built and funded by the European Research Council. Figure 9 illustrates the sensor
layout in the construction. The gyroscope has four triangular square rings. It has the

Figure 8.
The construction of the G ring laser [35].
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advantage of being able to measure the angular velocity of the Earth’s rotation in
different directions simultaneously. Thus, the change of the Earth’s angular velocity
vector is obtained, and reconstruction of the full Earth rotation vector can be achieved
with sub-arcsecond resolution over more than 6 weeks [37].

With the continuous development and maturity of fiber-optic technology, FOGs,
using optical fibers instead of ring resonators, can also approach the accuracy of laser
gyroscopes. With advances in fiber winding technology, researchers are able to wind
larger and longer fiber-optic coils. A reference level FOG was reported in 2016 by

Figure 9.
The construction of ROMY [37].

Figure 10.
Photograph of the large fiber-optic gyroscope and the test environment.
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Honeywell. The sensing area of the fiber-optic coil is about 1000m2, and the
corresponding sensitivity is 4:6� 10�9rad=s=

ffiffiffiffiffiffi
Hz

p
. During a one-month test, the bias

instability reached 3� 10�5∘=h [38]. The research group at Peking University has
developed a FOG for the monitoring of the Earth’s rotation. As shown in Figure 10, a
large FOG with a fiber length of 20 km and a diameter of 0.5 m has been
implemented for precision measurement of universal time. It has a sensitivity of
3� 10�9rad=s=

ffiffiffiffiffiffi
Hz

p
and a bias instability of 5� 10�6∘=h [12, 39]. This FOG has also

captured a series of seismic events during continuous operation, demonstrating its
long-term capability and reliability.

4. Applications in gravimetry

The gravity field of the Earth is an important physical field in geophysical
research, which is mainly determined by the density distribution of the Earth. Due to
the inhomogeneous distribution of matter density on the Earth, the Earth’s gravity
field is inhomogeneous. The strength and direction of the gravity field will vary at
different locations on the Earth. It is precisely because of this fact that through the use
of gravity measuring instruments, changes in the Earth’s gravity field can be mea-
sured, and thus, information can be obtained about the crustal movement, ground-
water resources, and so on. The study of the Earth’s gravity field is also widely used
in satellite navigation, geological exploration, mapping, and other fields. In
gravimetry, the parameters of the gravity field that are often measured include
gravity acceleration and gravity gradient. The former is the first spatial derivative
of gravity potential, while the latter is the second spatial derivative of gravity
potential.

Existing gravity measurement instruments usually employ atomic interferometry
[40–42] or superconducting technology [43] to achieve higher sensitivity. Among
them, instruments with atomic interferometry use cold atoms as test masses to sense
the gravity field. However, in the use of atomic interferometry, vacuum tubes are
required to achieve a vacuum environment, and seismic isolation platforms are
required to reduce the impact of ground vibrations. Besides, there are obstacles to
miniaturization. Instrument with superconducting technology uses mechanical test
mass as a component of sensitive gravity field, and uses a superconducting quantum
interference device (SQUID) to sense changes in superconducting current caused by
the displacement of test mass. SQUID converts the external motion into a displace-
ment change, which is converted into a current response by means of inductance
modulation, and finally converts it into a voltage signal by an amplifier. However, the
implementation of superconducting technology relies on the construction of a stable
low-temperature environment, which also requires the large environmental control
equipment of magnetic shields, vacuum tubes, and cryogenic systems.

Optical fibers are generally made of quartz, which means that external electro-
magnetic interference (EMI) will not affect the fiber as it affects electrical wires. This
allows the optical fiber to operate normally, even in a strong EMI environment. In
addition, the Sagnac effect is not sensitive to the translational motion in the detection
plane but only to the rotational motion of the plane [21]. This makes a FOG, which is
based on the Sagnac effect and uses optical fibers as a medium, a rotational motion
sensor with strong environmental adaptability. If FOG can be used in gravimetry, a
new solution to the problem of environmental adaptability in existing gravity
measurement instruments will be yielded.
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As the first attempt to apply gyroscopes to gravimetry, the research group in
Peking University designed a structure based on two test masses. It used FOG to
detect rotational motion due to gravity gradients [44]. As shown in Figure 11, the
spatial distribution of the gravity field is inhomogeneous due to the existence of
gravity gradient, which generates torque on the rotor by changing the gravity of the
test masses at two different positions in space. This torque generates the rotational
motion of the rotor and is detected by the FOG. The gravity gradient can be obtained
by the relationship between the angular acceleration of rotation and the gravity
gradient [44].

As shown in Figure 12, without the installation of a seismic isolation platform,
magnetic shield, vacuum chamber, and other environmental control equipment, the
self-noise level of the proposed system is estimated to be 1� 10�2 E=

ffiffiffiffiffiffiffi
Hz

p
[1 E � 10�9 s�2, where E (Eötvös) is a unit of gravity gradient]. Moreover, the self-
noise of this system decreases at smaller frequencies, suggesting that long-term
observations will have lower self-noise. Considering that the experimental results
were observed in the nonideal experimental environment of room temperature,
nonvibrational isolation, and nonmagnetic isolation, the proposed scheme has an

Figure 11.
Schematic diagram of the gravity gradient sensitive structure based on the fiber-optic gyroscope.

Figure 12.
Noise root power spectral density of static observations of FOG-based gravity gradient measurement system.
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optimistic prospect of performance improvement. For seismic isolation, the method of
differential-mode measurement can be used, using two rotors with FOG to suppress
vibration in the environment [45]. At the same time, the self-noise in FOGs can be
further suppressed by means of differential-mode measurements. For the temperature
and magnetic field variation in the surrounding environment, on the one hand, high-
order modulation can be used to reduce the temperature sensitivity of the FOG [46];
on the other hand, dual-polarization configuration can be used to improve the
adaptability of the FOG to temperature and magnetic field [47, 48].

5. Conclusions

Gyroscopes have had an indissoluble relationship with geophysics since they were
manufactured. With the development of gyroscopes, high-precision gyroscopes,
especially optical ones, have become powerful tools for geophysical applications. In
summary, the role of gyroscopes can be divided into two categories: direct and indi-
rect measurements. In terms of direct measurements, such as the acquisition of the
rotational component of seismic waves, observations of Earth’s rotation, etc., it relies
on the high-precision and high sensitivity properties of gyroscopes. In indirect mea-
surements, such as the measurement of the rotational motion of a sensing probe for
gravity field, the high sensitivity with strong environmental adaptability of gyro-
scopes is required. In the future, in terms of direct measurements, continued progress
in reducing noise and improving the performance of gyroscopes will enable more
precise measurements of geophysical parameters; in indirect measurements, new
sensing principles based on gyroscope should continue to be explored, bringing the
advantages of gyroscope, especially the strong environmental adaptability, into play
in geophysical applications.
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