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Geotechnics as an unavoidable segment of earthquake engineering

A broader overview of the role of geotechnics in earthquake engineering is given, and a set
of practical examples of the quantification of geotechnical seismic indicators for construction
of individual buildings is provided. An overview of oncoming changes to the current design
standards for evaluating the effect the soil has on buildings in earthquake conditions is also
given. Considering the level of seismic activity in Croatia, the need for adopting a comprehensive
approach to seismic microzoning is emphasized, which involves a whole array of indicators,
from lithological, engineering geological, and hydrogeological properties, and position of active
faults, to identification of unstable slopes and zones of pronounced liquefaction potential, for
which extensive geophysical and geotechnical investigations are required.
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Pregledni rad
Mario Baci¢, Tomislav Ivsi¢, Meho Sasa Kovacevic

Geotehnika kao nezaobilazan segment potresnog inzenjerstva

Ovaj rad daje Siri pregled uloge geotehnike u potresnom inZenjerstvu te obuhvaca niz
prakticnih primjera kvantifikacije geotehnickih seizmickih pokazatelja za potrebe izgradnje
pojedinih objekata, kao i osvrt na nadolazece promjene u sadasnjim projektnim normama
koje evaluiraju utjecaj tla na gradevine u potresnim uvjetima. S obzirom na seizmicku
aktivnost podrucja Hrvatske, istaknuta je nuznost sveobuhvatnog pristupa seizmickom
mikrozoniranju koji uzima u obzir Citav niz pokazatelja, od litoloskih, inZenjerskogeoloskih
i hidrogeoloskih karakteristika te poloZaja aktivnih rasjeda, do identifikacije nestabilnih
padina i zona izrazenog likvefakcijskog potencija, za Sto je potrebna provedba opseznih
geofizickih i geotehnickih istrazivanja.

Klju€ne rijeci:

geotehnika, amplifikacija seizmicke pobude, likvefakcija, klizanje tla, seizmicko mikrozoniranje

Ubersichtsarbeit
Mario Bacic, Tomislav Ivsi¢, Meho Sasa Kovacevic
Geotechnik als unvermeidliches Segment der Erdbebentechnik

Diese Arbeit bietet einen umfassenden Uberblick iiber die Rolle der Geotechnik in der
seismischen Technik und enthalt eine Reihe praktischer Beispiele fur die Quantifizierung
geotechnischer seismischer Indikatoren fiir den Bau einzelner Objekte sowie einen kurzen
Einblick in die bevorstehenden Anderungen der aktuellen Planungsnormen, mit denen
die Auswirkungen des Bodens auf Gebdude unter seismischen Bedingungen bewertet
werden. In Anbetracht der seismischen Aktivitat in Kroatien wird die Notwendigkeit
eines umfassenden Ansatzes flr die seismische Mikrozonierung hervorgehoben, der
eine Reihe von Indikatoren berticksichtigt, von lithologischen, technisch-geologischen
und hydrogeologischen Merkmalen sowie der Position aktiver Verwerfungen bis hin zur
Identifizierung instabiler Hange und Zonen mit ausgepragtem Verflissigungspotential,
woflr umfangreiche geophysikalische und geotechnische Untersuchungen notwendig sind.

Schliisselworter:
Geotechnik, Verstarkung der seismischen Anregung, Verfliissigung, Erdrutsch, seismische Mikrozonierung
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1. Introduction

An earthquake is a result of release of a huge quantity of energy due
to movement of plates in the Earth'’s crust, occurring at considerable
depths and constituting a geohazard of great destructive power,
with severe consequences to people and structures on the ground
surface [1]. Despite an extensive literature dealing with the genesis
of earthquakes [2, 3] and with the role of geotechnics in earthquake
engineering [4, 5], the fact remains that earthquakes are most often
placed into focus only after significant earthquake events. However,
as earthquake engineering, together with its geotechnical part, is a
discipline that is “still learning’, every new stronger earthquake in
the world brings additional knowledge, and often also encourages
changes in engineering practice and regulations [6]. In addition,
an increasing number of seismic records, and development of
instruments, improve the database for determination of seismic
activity, while also enabling a more objective determination of seismic
input for engineering applications. The last stronger earthquake that
hit Zagreb in March 2020 [7] has revealed that, despite knowledge
and capacities of the scientific and professional community, practical
implementation of this knowledge is most often lacking, primarily
because of insufficiently regulated laws and regulations. This is
mostly the consequence of the earthquake being perceived as an
"abstract” hazard, something that is quite opposite to “real/visible”
hazards such as floods, landslides, fires, etc. For that reason, an
integrated approach to deal with the earthquake, its causes and
its consequences, is generally inexistent, although the estimation
of earthquake hazard and its effect on structures, including also its
geotechnical part, is an obligatory portion of civil engineering design
that is in Croatia covered by Eurocode 8 [8]. In this standard, just
like in earlier seismic regulations (especially for highly significant
structures with pronounced safety aspects, such as power facilities
like nuclear power plants or LNG terminals, large dams or bridges),
the need for further development of seismic design criteria properly
suited to individual localities is emphasized, and it is furthermore
specified that these criteria must take into account local geology,
seismicity, geotechnical conditions, and nature of the project.
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Figure 1. Propagation of seismic waves from focus to building location

Figure 1 shows the path taken by seismic waves from the
earthquake focus (source) deep in the Earth's crust, through
geological formations in the underground, to the foundation soil
at the location of the building and, finally, to the ground surface
where ground motions are manifested as actions affecting buildings
and infrastructure. Displacements on the ground surface are the
consequence of the propagation and modification of waves along
the entire above mentioned route.
Properties of the source and path taken to a particular site are generally
considered in the scope of seismology and structural geology, while
local soil conditions are considered within the engineering geology and
geotechnics. Geotechnics considers soil deposits above the bedrock
as being a "structure” which — after the seismic excitation from the
underground — has its response and dominant motion patterns, and
which is formed by material of recognisable mechanical (stiffness,
hardness, damping) and hydraulic properties. The soil motion response
spectrum is also defined by relative influences of spectral properties
of the source of earthquake in a particular region and by attenuation
properties of geological materials that transfer seismic waves from
the bedrock to the building location. Geotechnical circumstances at a
particular construction site, which have to be determined or estimated
during investigation works, are:
a) foundation soil profile
- response of local soil to the propagation of seismic waves
from the bedrock to the ground surface (amplification and
modification or response spectrum)
- occurrence of dynamic instabilities of soil (liquefaction)
and excessive settlement
b) global stability of the location: presence of active faults and
unstable slopes
c) increase of earth pressure imposed on foundations, support
structures, earth-filled structures and buried structures due
to earthquake action

2. Amplification of seismic response as a
consequence of local soil conditions

On their way from the focus toward the ground surface, seismic
vibrations are greatly altered as to their amplitude and spectral
composition, which is dominantly caused by local engineering
geological conditions in sail, including the thickness of sediments
and ground water level, as shown in Figure 2.
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Figure 2. Amplification of seismic excitation dependent on local soil
conditions, modified from [9]
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The amplification (increase) of seismic excitation at the ground
surface is due to the difference in impedance between surface
layers of soil and the bedrock, which constitutes the resistance
to the vibration of soil particles. The amplification of seismic
excitation is also influenced by wave amplitude damping as
caused by inelasticity and heterogeneity of the system.
To estimate amplification of seismic waves due to their
propagation from the focus toward the ground surface, it
is necessary to adequately define the geotechnical seismic
model, which requires knowledge of the velocity of shear waves
of characteristic layers, soil density in layers, and nonlinear
relationships of shear modulus and damping with shear strain.
It is also necessary to determine the profile depth down to
the bedrock (characterized by shear wave velocities greater
than 800 m/s). The determination of these values requires
an extensive programme of geotechnical investigations with
various geophysical measurements down to greater depths,
and appropriate laboratory testing.
The shear modulus of soil at very small strains (G, or G__) is
determined as a product of the square of shear wave velocity
(v) and soil density (p). Typical nonlinearities of normalised
shear modulus and damping of soil material, in relation to the
level of cyclic shear strain values determined in laboratory, are
shown in Figure 3. Moderate and stronger earthquakes induce
shear strains in soil greater than 10-2%, thus being in the area of
highly pronounced nonlinearity and increase in pore pressure.
Once the geotechnical soil model is formed, with the defined
seismic excitation and the use of one-dimensional analysis of
propagation of seismic waves, the dynamic amplification factor
(DAF) can be determined as a ratio of peak soil acceleration
at ground surface to input peak base acceleration. Many
commercially available programs that are based on the one-
PORT OF OSIJEK
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dimensional analysis of propagation of shear waves, such
as SHAKE [11] or DEEPSOIL [12], enable realisation of the
convolution procedure, which is a conventional analysis of
seismic response of soil. However, limitations of these programs
in the simulation of complex soil conditions prevent the use of
advanced analyses of amplification of seismic excitation.
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Figure 3. Nonlinear relations between shear modulus and soil
damping depending on cyclic shear strain (G - shear
modulus, | - damping), modified from [10]

An example of seismic amplification assessment for the design
and construction of the future bulk cargo terminal in the Port
of Osijek is presented below. Several assumed design profiles
of shear wave velocities (v ) at the site under study are shown
in Figure 4a. Greater number of the assumed profiles is the
result of the use of various geophysical test methods (ReMi,

Maximum soil acceleration on the ground surface as related to
maximum acceleration at the bedrock
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Table 1. Ground types according to actual version of EN 1998-1, according to [14]

Ground A . . . '} N 4 Amp.
5,30 SPT u
tpe Description of stratigraphic profile [m/s] (n / 30cm) [kPa] factor S
A Rock or other rock-like geological for.matlons, including at most 5 meters of weaker > 800 . . 1.00
material at the surface
B .Dep.05|ts of very densg sand, gravel, or very stiff clay, at Iea§t several tgns o.f metres 360 - 800 50 5250 1.20
in thickness, characterised by a gradual increase of mechanical properties with depth.
c Deep deposits of dense or medium-dense sand, gravel or stiff clay with thickness 180 - 360 15-50 70 - 250 115
from several tens to many hundreds of metres.
D Deposits oflloose—to—medlum cohe;lonless soil (Wlth or WIthO.Ut some soft <180 <15 <70 135
cohesive layers), or of predominantly soft-to-firm cohesive soil.
A soil profile consisting of a surface alluvium layer with vs values of type C or D and
E thickness varying between about 5 m and 20 m, underlain by stiffer material with 1.40
v, >800 m/s.
<1 Deposits consisting, or containing a layer at least 10 m thick, of soft clays/silts <100 10 - 20
with a high plasticity index (PI > 40) and high water content
<2 Deposits of liquefiable soils, of sensitive clays, or any other soil profile not included
intypesA—EorS,

downhole), and correlations with in-situ SPT and CPT tests, as
well as the fact that the drilling depth (50 m) was not sufficient
to attain the "seismic” bedrock depth (v_ > 800 m/s). According
to design profiles estimated in this way, the DAF values were
calculated using the SHAKE software (cf. Figure 4b), where the
DAF for higher initial accelerations of the profile base is lower
than that for lower initial seismic accelerations, which is due to
nonlinear behaviour of soil. The nonlinearity of average curves
presented in the figure is in accordance with the amplification
analysis results obtained at numerous earthquake events
worldwide, as presented in [13].

The influence of local ground conditions on the amplification
of seismic excitation is also covered by the current version of
the standard for the design of structures, Eurocode 8 — Part 1
[14], where various ground types are defined and, for each type,
relevant linear response spectra are defined as an input data
for seismic analysis of structures. Ground types are associated
with amplification factors, Table 1, which are usually relevant
for small seismic accelerations.

The selection of an appropriate spectrum is made for various
types of ground which are estimated as a “compromise” based
on the data for the top 30 m of the profile. These data mostly
comprise an average velocity of shear waves determined by
geophysical methods or, alternatively, the data on undrained
strength of soil or on the number of blows during the in-situ
SPT testing. The current version of this standard recommends

the velocity v, ., which is defined as:
30
Vow = < (1)

2[:1\7’_

where h,[m] and v, [m/s] are the layer thickness and the velocity
of shear waves (at shear strain of 10 or less) for the i-th layer,
respectively, while N is the total number of layers in the top 30
m of soil.

However, in this currently valid version of the standard, some
descriptions of soil types are insufficiently accurate, e.g. regarding
the total depth of sail layers or for profiles that have changes in
the type of soil along the depth. This is usually ignored in standard
practice and only an average velocity of shear waves in the first
30 m is most often used. Such a simplified formal approach does
not enable a full geotechnical characterisation of soil layers on the
location under dynamic conditions, especially in the case of presence
of loose or softer types of soil. For instance, current definition of
category A soil reads as follows “rock or other rock-like geological
formations, including at most 5 meters of weaker material at the
surface’; without defining what the term "weaker material” means.
The soil thatis composed of very weak deposits up to 5 min thickness
underlain by rock material will, as a rule, not behave in the same way
as a stiffer layer, which will result in different linear spectra. The
need for improving the soil type characterisation, as compared to
that given in the standard, is expressed by Pitilakis et al. [15] who
use, in their research, more than 3000 ground motion records from
536 locations all over the world. In order to propose new elastic
response spectra and amplification factors, in addition to traditional
geotechnical parameters such as the undrained strength, number of
SPT blows or plasticity index, the authors use fundamental period
of the location, thickness of deposits on the location, and average
velocity of shear waves. In response to criticism of the existing soil
categorisation, the new generation of Eurocode 8, which is currently
intensively prepared and whose implementation is expected in the
forthcoming years, the problem of soil categorisation is approached
in a somewhat different way, i.e. by replacing the velocity v_,, with
velocity v, , which is defined as follows:

H
Ve = N h; (2)

S,

1:1\7i

where N is now the total number of layers from the ground
surface to the depth H, and the depth H itself is defined as:
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Table 2. Proposed change in soil type categorisation according to new version of EN 1998-1, according to [16]

Type of soail Stiff Medium Soft
v_, range
Depth S 800 m/s >v_, =400 m/s 400 m/s>v_, =250 m/s 250 m/s >v_, =150 m/s
Hgoorange - & < &
Very shallow HgpoS5M A A E
Shallow 5m<Hg,=30m B E E
Medium 30m<H,,=100m B C D
Deep Hgoo > 100 M B F F
H=30m if Hgpo 2 30 M (when Vo becomes Vs,3o)
H=H,, Iif Hgpo <30m,
where H_ is the depth of the rock that is identified with v_

greater than 800 m/s. If the information on H,  is not defined
through direct measurement, it can be estimated from the
resonant eigenfrequency of soil f, determined using the
method for measuring microseismic noise, i.e. the so called
HVSR (Horizontal-to-Vertical Spectral Ratio) method.

Based on the above, the soil type categorisation as given in
Table 2 is proposed in accordance with [16].

Forinstance, it can be seenin Table 2 that, for the very shallow position
of rock (as material with v_> 800 m/s) and in the case of soft deposits
in the top 5 m, the soil is classified as type E, rather than as type A as
it would be classified according to the current version, and hence the
amplification factor S is much greater. The question remains whether
these changes will be implemented in the final version of the new
generation Eurocode 8in the present form (Table 2) or in a somewhat
modified form. In any case, the presented proposal is an indicator that
the issue of characterization of soil types, as “amplifiers” of seismic
excitation, will be elaborated more correctly.

3. Soil instabilities under seismic conditions and
their evaluation

Inaddition to determining relevant linear spectrum based on soil type,
which serves as input for seismic analysis of structures, it is equally
important to evaluate the possibility of occurrence of soil instabilities
resulting from earthquake action, including soil liquefaction and
instabilities such as formation of landslides and earth/rock falls.

3.1. Soil liquefaction

Soil liquefaction is a natural phenomenon that occurs in water
saturated granular materials during strong shaking, usually
during strong earthquakes. Popularly speaking, sand layers
below the ground water level are suddenly and temporarily
converted into a dense liquid (they “liquefy”), losing in this
process their shear strength and the ability to support building
foundations, Figure 5. Due to earthquake action, which occurs
as a rapid cyclical load, the soil does not have the possibility of
draining water, and hence reaches an undrained state which is
characterised by an increase in pore pressures as a consequence
of prevented change in volume [17].

Figure 5. Schematic of three typical phases of liquefaction due to
cyclic earthquake action

The soil liquefaction phenomenon therefore

simultaneous occurrence of two factors:

- Soil material susceptible to liquefaction saturated with
ground water. The most susceptible material is loose, clean,
fine sand, while the occurrence of liquefaction in gravels
is very rare, practically unbelievable, and it also has not
been encountered in coherent materials such as silts and
clays. In fact, the presence of fine particles in sand even
somewhat increases resistance to liquefaction. Furthermore,
liquefaction most frequently occurs in the top 12-15 m of
the soil profile;

- Earthquake of appropriate magnitude represented with
maximum (peak) seismic acceleration.

implies

Cases of liquefaction registered worldwide show thatits occurrence
at the same location is very irregular, and that it probably also
depends on other details in the foundation soil profile. In practical
situations, liquefaction manifests itself as a loss of bearing capacity
of foundations, excessive horizontal and vertical deformations, and
overturning orinclination of buildings. Lateral displacements, i.e. solil
spreading phenomena, also affect support structures (most often
coastal ones), and landslides may also occur on sloping terrain.
A known figure from international literature is that of the 1964
Niigata (Japan) earthquake where inclined buildings on liquefied
soil can be seen, Figure 6. The structures of these buildings were
solidly dimensioned and remained practically undamaged by the
loss of bearing capacity of soil, but their functionality was lost due
to unstable foundation soil.
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Figure 6. Inclined buildings on liquefied soil in Niigata (Japan)
following the 1964 earthquake event, adopted from [18]

Laboratory testing can offer a more detailed insight into
liquefaction potential of a material, i.e. the data about its cyclic
undrained behaviour and, therefore, adequate information can
be obtained about soil parameters for complex numerical models
in effective stresses. Soil compaction at cyclical load, as well as
an increase in pore pressure, are determined experimentally in
cyclic drained or undrained tests with controlled shear strain (g)
or with controlled shear stress that is expressed through the
ratio of applied shear and mean stress, i.e. through the so called
CSR (cyclic stress ratio). As practical application of complex
numerical models is limited, routine evaluations of liquefaction
potential of soil are based on a simplified method involving in
situ testing (SPT or CPT) or on empirical diagrams, the so called
liquefaction diagrams [19], which are occasionally updated.

The use of such liquefaction diagrams can be illustrated by an
example of the Port of Ploc¢e where liquefaction potential was
estimated for the location of the bulk cargo terminal [6]. The
basic objective of this assessment was to determine, based
on the measured number of SPT blows from eight exploratory
boreholes, which surface acceleration is critical, i.e. for which
acceleration most soil profiles would be at the limit of liquefaction
occurrence. The results for surface acceleration of 0.2g are
shown in Figure 7. It can be seen that most results are at the left
side of the limit CRR line, which means that the factor of safety
is less than 1, i.e. that the soil is susceptible to liquefaction. As to
the results given on the right side of the curves, they show that
the soil is resistant to liquefaction. For the design acceleration of
0.3 g, which can be expected on this locality, the entire profile is
practically susceptible to liquefaction.

By analysing the possibility of liquefaction on a larger scale, i.e. for
the wider Zagreb area, Veinovi¢ et al. [20] concluded, based on the
analysis of relevant data, that liquefaction could occur at earthquake
magnitudes of more than 6.3. This macrozonation of liquefaction
potential is based on a simplified zoning criteria according to
ISSMGE (International Society for Soil Mechanics and Geotechnical
Engineering) [21]. The authors indicate that establishment of a
correlation between occurrence of liquefactions in the past and
geological—-geotechnical properties of the studied zone is highly
important during estimation of liquefaction potential. The result of
theinvestigation s a preliminary qualitative zoning map of the Zagreb
area according to liquefaction potential. However, the authors [20]

themselves state that it can be used as a rough estimate only, and
they propose guidelines that must be implemented to gain a more
accurate insight into liquefaction potential.
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Figure 7. Estimation of liquefaction potential for the Port of
Ploce based on the number of SPT blows, for the surface
acceleration of 0.2 g, according to [6]

Although the best possible option is to avoid construction on
soil for which a liquefaction potential has been established,
there are many engineering solutions for preventing negative
consequences in the case of an earthquake. This includes
provision of adequate foundations properly adjusted to the soil
susceptible to liquefaction, mostly in form of a deep foundations,
or application of increasingly popular soil improvement methods
(increase of compaction level and proper drainage). In the latter
case, the most popular method involves use of gravel columns
[22] in the scope of which these columns are installed by
vibration thus increasing level of compaction of foundation soil
while the columns, due to their high permeability, enable faster
water drainage and reduction in liquefaction potential.

3.2. Activation of landslides

Earthquake action is one of possible landslide activation causes.
The stability of slope is dependent on a number of factors such
as its geometry, type of soil, ground water level, permanent
and transient actions, etc. The estimation of slope stability is
a demanding task already under static conditions, while in
dynamic conditions the inertia loads increase, with a possible
loss of shear strength of material due to cyclic load.

In recent times characterized by climate changes, landslides are
becoming an increasingly alarming problem. Longer dry periods
may cause occurrence of tensile cracks on the surface and the
ensuing precipitation events, the number of which is generally
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reducing while the intensity is increasing, can therefore
saturate the soil quite easily [23]. A relatively smaller number
of initiated, or at least registered, landslides after the March
2020 Zagreb earthquake can partly be explained by a relatively
low saturation of soil at sites of greater landslide potential. An
illustrative example of the destructive power of earthquakes is
the Kumamoto magnitude 7.0 earthquake that occurred in April
2016 in Japan and caused activation of almost 3,500 landslides
[24]. A large mass of sliding soil at Aso Bridge site, Figure 8,
activated by seismic action, caused considerable damage to
structures and infrastructure at the bottom of the slope.

e . s e =

Figure 8. Landslide activated after the magnitude 7.0 earthquake that
hit Kumamoto in April 2016, adopted from [25]

Geotechnical analyses of slope stability under seismic conditions
involve two possible approaches, the pseudo-static analysis of
stability based on the factor of safety concept, and analysis of
permanent deformation using the Newmark'’s sliding block approach.
In pseudo-static analysis, the complex soil shaking is most often
replaced with constant pseudo-static force which acts in one
direction [26]. The factor of safety (FS) is used as a usual engineering
measure for the stability of slopes. This factor represents the ratio of
shear strength to shear stresses acting at the level of sliding surface.
Under dynamic conditions, the seismic acceleration of soil — which
brings the sliding mass of soil to a state of equilibrium (FS=1) via
an appropriate inertia force - is known as the yielding acceleration,
and the latter should be defined separately for every location. Here
the basic unknowns are the applied value of coefficient of seismic
acceleration, and the value of the requested factor of safety with
regard to sliding. The currently valid approach to the calculation of
slope stability according to Eurocode 7 [27] comprises factorisation
(reduction) of parameters of soil/rock material (the so called PP3
approach) and, at that, the standard itself does not differentiate
partial factors of materials under static and seismic conditions, which
often results in conservative design solutions, especially in areas
characterised by high seismicity. There are some indications that the
new generation of Eurocode 7 will introduce separate partial factors
of materials for static and for seismic conditions. Seco e Pinto [28]
stresses that pseudo-static methods should not be used for soils
in which high pore pressures can be developed, nor in soils in which
significant degradation of stiffness under cyclic load can be expected.
On the other hand, the Newmark's theory [2S], developed for
evaluation of seismic stability of slopes, poses the question about

what if FS is lower than 1 and, if so, will this result in full collapse
of the slope. If permanent deformation that occurred as a result
of an earthquake action is within the limits of acceptability, then
the collapse will not occur and, in this regard, numerous authors
offer methods for the calculation of the mentioned permanent
deformation [30-32]. Biondi and Maugeri [33] developed a modified
Newmark's model for calculation of permanent displacement
of natural slopes. This model includes the following possibilities:
generation of pore pressures, time interval, calculation of cycles
influencing cyclic degradation of soil, and calculation of critical
acceleration degradation paths.

4. Seismic microzonation: need for
comprehensive approach

Microzoning is the separation of areas of the same or similar
properties on detailed scale maps, which enables local differentiation
of specific influences, or separation of a criterion under study [3%].
From this aspect, microzoning of geohazards serves for rational
spatial planning, and enables orientation of development toward
areas of lower risk, or ensures that in riskier areas appropriate
engineering measures are undertaken so that a satisfactory safety
of people and their property can be provided. The mapping or zoning
of seismic hazard at a local scale (such as 1:25,000 — 1:5,000) in order
to include the effects of local soil conditions and time component,
can be presented on seismic microzonation maps.

Figure 9 shows an illustrative example of “seismic microzonation on
areal scale’, where the correspondence between local soil conditions
and the number and intensity of damage to structures after the
1979 earthquake can be seen for the old town of Dubrovnik. Here, a
great number of buildings characterized by similar structure, height
and age, are located in a relatively small area, and they differ in
foundation soil: from the fill of variable thickness (ranging from 1 m
to 7 m) south of Stradun to bedrock on the north side. Because of
different local soil conditions, different levels of damage to buildings
were noted for the same seismic action above the bedrock. The
greatest damage was registered at buildings resting on the deepest
fill material deposits.

B shghe damagy
strociural damage

grarsr ned Strntisial da Tage

Figure 9. Isolines showing fill material thicknesses (ranging from
1 m to 7 m) in the Old Town of Dubrovnik, overlaid with
the representation of damage to buildings after the 1979
earthquake, modified from [35]
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In countries with a higher seismic hazard, there is a pressing
need to conduct a comprehensive seismic microzonation, and so
attempts are made to formalise a standard approach to seismic
microzonation [21, 36, 37]. At that, the zoning primarily focuses
on geotechnical phenomena caused by seismic action on the
location and in foundation soil, such as the amplification and soil
displacements, landslides and soil liquefaction [38]. According to
ISSMGE [21], detailed geotechnical soil investigations are the basis
for creation of high resolution seismic microzonation maps. Seismic
microzonation maps developed in this way can then be used for
creating design and construction policies, and for elaboration of
emergency plans [39].

The geotechnical and seismic microzonation of the city of Zagreb
has a long history [£0]. The geozoning project based on modern
principles was initiated already in 2004 through elaboration of
the Detailed engineering-geological map of the Podsljeme urbanised
zone on a scale of 1:5,000, Phase | (DIGK - Phase I) [41], while the
DIGK - Phase Il was completed in 2018 [42, 43]. Comprehensive
geophysical and geotechnical investigations were conducted for
the needs of this mapping. These projects comprise approximately
175 square kilometres of the Podsljeme urbanized zone, while the
total area occupied by the City of Zagreb amounts to approximately
640 square kilometres [41-45]. In the scope of the mentioned
partial mapping of the city (on a scale of 1:5,000), landslides and
unstable slopes are especially singled out, while preliminary zones
of soil types (A-D) based on the current Eurocode 8 [46] are also
presented. As the zones of potential instabilities due to seismic
action (liquefaction potential, evaluation of seismic stability of
slopes) were not particularly marked out or overlaid, this zoning
does not represent a full seismic microzonation according to
the above-mentioned standards, and when the new version of
Eurocode 8 is adopted, even these existing efforts will have to
be revised. The mentioned efforts in the preparation of DIGK as
invested in the city of Zagreb, resulted in publication of a part of
these investigation on the web pages [47] of the City of Zagreb
(e.g. map of tectonic activities, simplified map of landslides in the
Podsljeme city district). The City of Zagreb is in fact the only city
in Croatia that has a cadastre of landslides, which is a part of the
geotechnical cadastre of the city of Zagreb, the latter being the
central database for data related to soil and its properties [44].
The geo-zoning of other mostly plain parts of Zagreb is for now
included in long-term plans.

A specific indicator of the condition of some landmark sites
located in our regions are inter alia the churches which, after total
collapse or great damage due to various reasons (fire, earthquake,
war activities, etc.) are being traditionally rebuilt at very close
microlocations or even on the very “foundations” or the buildings
they are replacing. In Zagreb and its surroundings, there are many
churches that have remained on the same spots for several
centuries and that have suffered throughout their history both
heavy damage or total collapse namely by earthquake action.
Locations of some churches heavily damaged in the March 2020
earthquake are shown in Figure 10, i.e. which is a map showing
tectonic activities and recent structural assembly of Medvednica
and Zagreb. The southern part of Medvednica is situated in the

zone of the so-called Zagreb fault where the focuses of most
earthquakes are situated, and boundaries of this zone (lines 1a
and 1b) run through the Podslieme urban zone (northern leg)
and Sljeme foothills (southern leg) above llica and Maksimirska
streets and Gornja Dubrava district [48]. The map also shows
other important faults in this structural assembly (even outside of
the city of Zagreb). Tectonically active parts of the structures and
faults are presented in various colours. The presented faults are
not always “visible cracks or lines” on the terrain, and are (mostly)
not fully verified by deep underground investigations but rather
they represent a narrow prognostic zone estimated on the basis of
geological on-site indicators, topography, aerial photographs, and
sporadic deep underground investigations.

Figure 10. Locations of some churches damaged in the 2020
earthquake on the map of tectonic activities, basic map
adopted from [47]

It can clearly be seen in Figure 10 that damaged churches are
situated in the immediate vicinity of important faults both in
Zagreb but also further to the north in Stubica area. Churches in
Markusevec and Cucerje are situated practically in the epicentre of
the earthquake. In the central part of Zagreb, damage was inflicted
on the cathedral on Kaptol but also on other churches situated
in nearby elevated locations (St. Mary, St. Francis and St. John
churches on Kaptol and in Nova Ves, and St. Marc and St. Catherine
churches on Grig). To the south, in a plane area (but still in the zone
of the “llica fault”) the churches in Palmoticeva and Frankopanska
streets also suffered damage.

Most of the presented churches experienced earthquake generated
collapses and heavy damage throughout their histories, registered
in their annals, as shown for instance in [49, 50]. For example,
earthquake due collapses of the church of GraneSina were
registered on several occasions since the 16% century. The church
was heavily damaged in the 1880 Zagreb earthquake, and was
rebuilt practically on the same spot. The tower suffered damage
in the 1906 earthquake, and the church was greatly damaged in
the last 2020 earthquake. Cracks due to tectonic movements
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Figure 11. Locations of damaged churches: a) Church of Blessed Virgin Mary in Granesina on the detailed engineering-geological map adopted from
[42]; b) church of Assumption of Blessed Virgin Mary in Remete and unstable nearby slopes, presented on the map adopted from [47]

were registered in the meantime on the church and on other
nearby buildings. These cracks are the subject of recent geodetic
measurements that are conducted in the scope of the geodynamic
study of the city of Zagreb [51]. Figure 11a shows the site of the
church in GraneSina on the new detailed engineering geological
map [42], where it can be seen that the church is located on an
unstable slope (mark 1019), and that a "network” of smaller faults
is situated in the vicinity of the church. Figure 11b shows the site
of the damaged church located in Remete, which is also situated in
the zone with several unstable slopes — marks 603, 608, 30029,
etc. A situation quite similar to that of the described churches can
be seen on the site of the church in Gorica Svetojanska, where
several churches collapsed and were rebuilt in the past. It is only
the new detailed investigations [52] that have revealed the fault
which generates displacements in the foundation soil, and also
causes instabilities along the slopes.

Such findings point to probable causes of building damage,
which lie in geological phenomena within the foundation sail,
rather than being only limited to structural weaknesses in the
building. Repeated errors in the selection of site as committed
in the past can be explained by the lack of knowledge but, at the
present day and age, such errors should be neither acceptable
nor permissible.

Extensive engineering geological, geophysical and geotechnical
investigations are needed for the characterisation and a more
accurate identification of the situation in the underground
on unstable slopes or at sites with active faults. These data,
together with those on the lithology and engineering geological
and hydrogeological characteristics, would serve as basis for
creation of the seismic microzonation map. The level of fault
activity has not been equally investigated on all locations, and
so these occurrences must be systematically investigated and
registered during large-scope studies of wider areas, e.g. for
microzonation or for infrastructure facilities. Sites of buildings
of greater importance or belonging to cultural heritage must be
investigated in detail and, if the described geological phenomena

are found, the buildings should be located away from possible
greater cracks/faults and, if necessary, remedial measures
should be taken for potentially unstable slopes.

5. Earthquake effects on geotechnical structures

Considering that shaking induces inertia forces that may resultin
the exceedance of some limit states of geotechnical structures,
adequate consideration of these actions at the design stage
is a precondition for obtaining a seismically safe geotechnical
structure (foundations of buildings, embankments, retaining
structures, tunnels). If this is neglected, an earthquake event
may negatively affect the foundation system of buildings, such
as for instance the foundation soil failure below foundations, or
excessive soil deformations that my cause relative displacement
of foundations with respect to the overlying structure. In the
case of retaining structures, lateral seismic pressures may
cause failure of the structure or its excessive displacements
and, in the case of embankments, cracks may occur at the
crown and local sliding may be registered. Of course, damage to
geotechnical structures may also occur as a direct consequence
of previously mentioned instabilities, where occurrences such
as liquefaction or soil sliding may cause exceedance of limit
states of geotechnical structures.

5.1. Foundations of structures

The behaviour of foundations under seismic conditions depends
on the type of foundations, the way in which cyclic loading is
applied, and on the type of soil and conditions in that soil. In
the case of fine-grained soils, an excessive loss of strength
generally does not occur due to cyclic load, which results in
lower additional settlement, lateral displacements, or rotation
of foundations. However, in the case of isolated footings and
strip foundations realized in fine-grained soil, it is particularly
significant to determine the bearing capacity of foundation soil
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in undrained conditions, with careful quantification of undrained
cohesion as a relevant parameter. On the other hand, due to
cyclic shear load of dry sands, their volume is reduced, which
may result in significant settlement of a shallow foundation
structure, especially if the foundations have been realized in
weakly compacted and loose sand. Liquefaction may occur in
saturated sands, which results in significant settlement of soil
after dissipation of additional pore pressure. It should also be
noted that liquefaction might occur even after the shaking, in
the post-earthquake period.

The effects of dynamic interaction between the soil and
structure are often neglected during seismic design of
structures. This neglect is usually explained by stating that the
effects of dynamic interactions are favourable for most usual
civil engineering structures, and that therefore their neglect is
“on the side of safety” However, in some cases [8], such as in
the case of foundations in weak soil, shallow foundations of
tall buildings, or deep foundations, the analysis of the seismic
soil-structure interaction must be made as its effects can be
unfavourable.

In particular, deep foundations must be designed in such a
way to provide resistance to the action of inertia forces of the
overlying structure, and also to the action of kinematic forces
which are the result of deformation of the surrounding soil [28,
53]. Although linear behaviour of soil is normally considered
during analysis of seismic interaction, in some cases it is also
necessary to consider geometrical and material nonlinearities
of the system. Nonlinear analyses and the complexity of
three-dimensional analyses of interaction between the
deep foundations and soil system, complicate their practical
implementation, and so the methods in which the problem is
divided into several simple steps can be used. An example is the
method proposed by Gazetas and Mylonakis [54]. In addition, a
cyclic seismic action of earthquakes can lead to opening of gaps

Figure 12. Gap next to the top of the pile resulting from cyclic load imposed on pile in clay,
adopted from [56]

near the surface of the terrain next to the pile itself, which was
analysed by numerous authors [55]. Pender and Pranjoto [56]
give an interesting account of this effect for railway bridge piles
after the 1989 Loma Prieta earthquake, Figure 12.

In some cases, it can be very challenging, even for experienced
geotechnical engineers, to detect causes of deformation and
failure of a building after an earthquake, i.e. to determine
whether the damage occurred as a result of exceedance
of limit states of the foundation structure or as a result of
exceedance of limit states of elements of the structure itself.
Often the exceedance of limit states of the foundation system
is attributed to structural elements, especially when causes of
damage are dominantly estimated by visual inspection. Readers
are advised to consult relevant literature [57] where a detailed
account is given of forensic procedures for visual detection of
cracks in structures that occur because of problems related
to the foundation soil or foundation system. At that, useful
information about the behaviour of geotechnical structures
in seismic conditions can be obtained by installation of the
monitoring equipment, where changes in measurement results
(displacement, deformation, stress, pore pressures, etc.) may
point to a limit state exceedance mechanism. In recent times,
an advantage is increasingly given to advanced geodetic
survey methods [58] where highly accurate remote monitoring
and measurements can be used to determine the extent of
deformation/displacement of foundation soil in greater areas,
that occur as a result of seismic action.

5.2. Embankment structures

Sherard et al. [59] indicate that, as a rule, two types of damage

can be differentiated in most earth structures - such as dams

or embankments - when subjected to a stronger earthquake

action:

- longitudinal cracks at the top of the
dam,

- settlement of the dam crest.

This has also been confirmed in the
research conducted by Oka et al. [60]
who investigated damage patterns in a
series of river embankments following
the 2011. Tohoku earthquake in Japan.
This magnitude 9.0 earthquake damaged
numerous infrastructure  facilities,
and the damage to as many as 2,115
locations was registered on earthfill
river embankments. A typical damage
pattern is shown in Figure 13 where the
earthquake load first causes settlement
of the crest with the ground heave-along
the embankment toe, which was followed
by formation of longitudinal cracks along
the crest and, finally, by fragmentation
and failure of the embankment.
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Figure 13. Phases of river embankment failure due to cyclic
earthquake action, modified from [60]

To establish whether damage was incurred on levee (flood protection
embankments) in the area of the city of Zagreb and in the Zagreb
County as a result of the March 2020 earthquake, the employees
of the Geotechnical Department of the Faculty of Civil Engineering
— University of Zagreb conducted non-destructive specialist testing
on 141 km of the Sava levees in sector C of the flood protection
system (upper Sava reaches), at 21 retentions in the wider Zagreb
area and at Maksimir embankments. In addition to specialist testing,
Croatian Waters experts also conducted a detailed visual inspection.
The method used for rapid assessment of the levee condition is the
ground penetrating radar (GPR) method that has been successfully
used nationally and internationally for estimating condition of a
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Figure 14. Data collection equipment (a), and collection of data (b) for assessment of possible
damage to the Sava and levees in the City of Zagreb and the surrounding after the

March 2020 earthquake

variety of infrastructure facilities, including flood protection levees.
The method is continuously being improved in the scope of the
current international scientific project oVERFLOw [61] forming part
of the EU Civil Protection programme, the coordinator of which
is the mentioned Geotechnical Department of the Faculty of Civil
Engineering. It is based on the emission of electromagnetic waves
into the body of the levee via an appropriate antenna system and
on reception of reflected waves, enabling — after data processing
— establishment of a radargram [23], which then permits detection
of potential damage that cannot be detected by visual inspection.
As the frequency of the applied antenna defines the testing depth
and testing resolution, which are inversely proportional (greater
depth — smaller resolution, smaller depth — greater resolution), a
multi-channel system with three (3) antennas is selected, with the
following central frequencies: 100 MHz (up to 15 min testing depth,
with the resolution of 0.5 m), 250 MHz (up to 5 m in testing depth,
resolution: 0.2 m), and 400 MHz (up to 4 m in testing depth, with the
resolution of 0.125 m).
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Figure 15. One of the radargrams from investigation of retention dam,
after the March 2020 earthquake - visible reflex along the
centre of the profile points to the presence of the retention
dam gallery

A cart specially built for this testing
was connected to a car, which enabled
faster collection of data, cf. Figure 14.
Considering the possibilities of the method
for detecting embankment structure
(transition of layers, bottom of levee),
localisation of disturbances (zones with
loose material), identification of anomalies
and non-homogeneities such as cavities
and discontinuities, and for evaluation of
integrity of the contact between soil and
concrete galleries of retention dams, the
GPR system was selected as an optimum
first-pass method [62], which serves for
preliminary estimation of damage.

However, it is also necessary to highlight the
limitations of the method in which highly
saturated materials cause greater damping
of electromagnetic signals. Considering the
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non-uniformity of collected data, many numerical simulations were
conducted prior to field testing to test behaviour of electromagnetic
waves when encountering anomalies. Different anomaly types have
been identified internationally on a number of levees in post-seismic
period [63]. These simulations enabled evaluation of interpreted
radargrams, such as the one shown in Figure 15, from the aspect
of detection of earthquake-induced damage. The results showed
that there was no significant reflection of electromagnetic waves
emitted along the test profiles that would point to anomalies in the
levee body, retentions and dams along their length, or at the contact
between galleries and retention dams, resulting from seismic
activity.

6. Conclusion

A comprehensive overview of the role of geotechnics in
earthquake engineering is presented in the paper through
a number of practical examples involving evaluation of the
influence of physicomechanical properties of soil on the
behaviour of seismic excitation, including also the influence of
excitation on the soil liquefaction, landsliding, and other forms
of instability and exceedance of limit states of geotechnical
structures. The mentioned aspects require a more detailed
characterisation and evaluation of geotechnical circumstances at
individual locations, through implementation of comprehensive
geotechnical and geophysical investigations, and the
appropriate in-situ and laboratory tests. These investigations,
assisted with further development of the seismic database, will
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