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Abstract: This article aims to implement new building standards for residential and industrial
construction in Poland to protect against earthquakes. For more than 20 years, Europe has experienced
an increasing number of earthquakes. Failure to prepare residential and industrial buildings for such
an event can result in extensive damage, death, and injury. It is therefore reasonable to ask what
losses Poland could suffer after even a single strong earthquake. An estimate of the losses after such
an event is presented. It is crucial for many buildings and mines in Poland. It is also important to
prepare the population for such an event. In addition, it is also crucial for many Central European
countries, as governments have not received training on how to behave during an earthquake. The
lack of such training could cause panic during such an event. Poland is rich in natural resources, with
many coal and lignite mines. A strong earthquake can threaten these as well as residential, public,
industrial, and other buildings. This article provides an overview of earthquake events in Europe in
relation to events worldwide and proposes solutions based on the experience of other countries. Here
is a proposal to prepare new standards for buildings in Poland for protection against earthquakes in
the next 50 years, based on the experience of other countries.
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1. Introduction

For many years, Poland, located in Central Europe, was considered an anti-seismic
region, i.e., with a low risk of earthquakes. The last strong earthquake was felt in Warsaw,
Lublin, and Bialystok in 1977, after a 7.2 M earthquake from Romania in the Vrancea
seismic zone [1]. The energy of this event was transmitted through tectonic faults formed
by the collision of tectonic plates, as discovered by Alfred Wagener [2], by seismic waves,
including body waves, especially the S-wave and Love waves [3].

Every strong earthquake generates seismic waves [3] that carry energy and cause
the neighboring tectonic plates to vibrate and move. These waves can carry accumulated
vigor even to distant tectonic faults and can be released by the energy of a subsequent
shock in the form of a single seismic shock. Therefore, seemingly unrelated to Europe,
seismic shocks in distant regions are essential because the released energy is transferred
and cumulative on tectonic plates adjacent to those that make up the European continent.

Poland lies on a European tectonic plate that touches the Aegean plate, the Anatolian
plate, the Indian subcontinent, the Arabian subcontinent, the Chersky mountain range in
eastern Siberia [4], and the African plate. The movement of the African plate to the north,
after slowly descending under the Eurasian plate, the contact with the Eurasian plate with
the Aegean Sea plate and the Anatolian plate [5,6] is the source of earthquakes.

In 2004, two strong earthquakes occurred in and around Poland (4.4 M and 5.2 M).
The first was in September in the Kaliningrad region of Russia [7]. The authors of this work
suggest applying this new standard to unique and monumental structures (e.g., nuclear
power plants or large dams) [7]. The second earthquake in 2004 occurred in November in
southern Poland [8].
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Subsequent events in 2004 and 2017 have sparked a debate about whether the risk of
earthquakes in Europe has increased. It was presented in Paris in 2013 [9]. Events in the
following years confirmed these predictions.

On 26 December 2004, Indonesia [10] experienced one of the strongest earthquakes
in the world, with a magnitude of 9.1 (Figure 1) [11]. It probably contributed to the
change in the stability of the Indo-Australian plate and later the Arabian, African, and
European plates.

From the turn of the year 2007 to 2008, several microearthquakes and increased CO,
emissions from the Laacher See (West Germany) were observed [12]. It is a dormant volcano
with the last eruption 12,900 £ 560 years ago [13].

Later, in December 2008, strong earthquakes occurred in southern Sweden, which
were felt in northern Poland [14]. The next one was in January 2010 near Belchatow [7].
The last one was also in January 2010 near Jarocin [8]. In January of the following year,
strong earthquakes occurred in Ukraine [8,15,16].

On 12 January 2010, a magnitude 7.0 earthquake occurred on the west side of the
Europe-Asia plate in Haiti [17]. It was the source of tension between the Caribbean and
North American plates. It changed the stiffness conditions on the west side of the African
and Eurasiatic plates.

The motion of the North American plate may have been a source of activity for the
volcano Eyjafjallajokull on Iceland from 20 March to 21 May 2010 [18]. Air travel between
Europe and North America was affected in April and May 2010 [19].

On 1 July 2011, an eruption of the Nabro volcano in Ethiopia was observed [20]. After
the earthquake, the Indian plate must have moved westward toward the African plate.

At the end of 2011, on 8 September, an earthquake of magnitude 4.5 occurred in the
southern Netherlands (Goch, Dui) [20]. In January 2012, several new islands with active
volcanoes were formed in the Red Sea [21].

Two more earthquakes of the same magnitude in Indonesia on 11 April 2012 [22]
contributed to the theory that the Indo-Australian plate may break up [23].

Figure 1. Map showing earthquake from 25 December 2004 [24].

In mid-2013, a new geyser volcano led to the closure of the Fiumicino airport in
Rome [25]. From October 2016 to the present, Italy has experienced a series of strong
earthquakes (from 4.6 to 7.1 mag.) in the central part of the country. Many buildings
collapsed, people were injured, many lost their homes, and several died. Some parts of the
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mountains plunged to 0.7 m. Many of these buildings were built with traditional materials
and methods that were not resistant to earthquakes [26].

Later in 2018, it was confirmed that another tectonic plate, the Cocos plate, located on
the western side of Central America, broke under solid earthquakes in September 2017 in
Mexico (Figure 2) [27,28]. It is crucial because the Mid-Atlantic Ridge is connected to the
European tectonic plates.

)
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Figure 2. Map showing the place of breakage of the Cocos plate [27,28].

Later, in November 2019, several earthquakes occurred in Albania, with the highest
magnitude of 6.4. This event damaged several hundred houses and killed more than
50 people (Figure 3) [29].

Figure 3. (A-C) Damaged buildings in Albania on 26 November 2019 after earthquakes of magnitude
6.4 [30].

On 29 December 2020, a strong 6.4 magnitude earthquake struck the Croatian capital
of Zagreb. It caused considerable damage to buildings and infrastructure [31].
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On 7 February 2023, a 7.7 magnitude earthquake in Turkey destroyed many residential
areas. Many medium and strong earthquakes still confirm that the Arabian subcontinent is
moving to the northwest [32].

On 23 March 2023, 18:08:57.0 UTC, a weak earthquake with a magnitude of 2.5 and a
depth of 10 km occurred on the Polish-Belarusian-Ukrainian border. It is significant because
it is located between the Polish and Ukrainian coal mining regions [32].

On 30 March 2023, 20:26:13.3 UTC, a magnitude 4.0 earthquake with a depth of 10 km
occurred in Austria, 54 km SSW of Favoriten, Austria [32].

It should be an inspiration for future governments of countries in Central Europe.

2. Risk of Earthquakes in Central Europe

The introduction states that Poland has been considered a seismic region for years [33,34].
This is confirmed by the 2003 map (Figure 4) [35]. In 2010, Poland experienced a strong
earthquake in a region without mines; older quakes are also known (Figure 5). In 2013, a
meeting of seismologists and geologists was held in Paris [36-38] (Figure 6). Later, there
was a new opinion in 2020, Figure 7 [38]. It is connected to seismic faults in southern
Europe. These faults can store energy from previous earthquakes and release the energy
stored as new earthquakes, Figure 8 [39].

peak ground acceleration (g)
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Figure 4. SESAME map from 2003 for a 90% nonexceedance probability within 50 years [34].
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Figure 6. European seismic hazard map for 2013 [37].
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Figure 8. Map of seismogenic faults in Southern Europe [40].

It completely changes the current view of the risk of a strong earthquake in Central
Europe, especially in Poland.

The greatest threat to Central and Eastern Europe is the Vrancea seismic zone (Figures 9 and 10).
It is the source of the largest earthquake in the region that can affect Poland. This zone is
located in southern Romania in the Carpathian Mountains and is defined by the coordinates
45.6° N and 46.0° N and the longitudes 26.5° E and 27.5° E. It has experienced some of
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the strongest earthquakes recorded in the last 100 years: 10 November 1940, Mw = 7.7,
H =150 km; 4 March 1977, Mw = 7.4, H = 94 km; 30 August 1986, Mw = 7.1, H = 131 km;
30 May 1990, Mw = 6.9, H = 91 km; 31 May 1990, Mw = 6.4, H = 87 km; 27 October 2004,
Mw =59, H = 96 km [39,41] and were felt in Central and Eastern Europe, including Poland,
within the borders of 1939 or 1945, after World War II. It is the meeting point of the Moesian,
Intra-Alpine, and Carpathian accretionary wedges. The movement of the Moesian plate
beneath the Intra-Alpine plate creates a seismic zone where any movement creates a stress
regime capable of generating thrust fault earthquakes [42].
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Figure 9. The geological structure of the Vrancea seismic zone [43].
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Figure 10. Localization of the Vrancea seismic zone in Romania [44].



Buildings 2023, 13, 2090

8 of 23

This zone was formed more than 2 billion years ago when it met the three central
tectonic provinces of Europe, known as the Paleoproterozoic East European Craton (EEC);
the Paleozoic Platform of Central and Western Europe (PP), represented by its TESZ (Trans-
European Suture Zone; Domain); and the Meso-Cenozoic Carpathian fragment of the vast
Alpine-Himalayan organic system. In places of contact with the Vrancea seismic zone
mentioned above and the Teisseyre-Tornquist zone (TTZ), which runs through the whole
of Poland (Figure 11), western Ukraine, and Moldova, from the Baltic Sea to the Black Sea,
Figure 12 [45].
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Figure 11. Teisseyre-Tornquist zone and Odra fault line in Poland [46].

The maps in Figures 6 and 7 do not include countries outside the European Union.
Therefore, the seismic hazard map for the entire Carpathian macroregion of Moldova and
Ukraine in Figures 13 and 14 is worth mentioning. It shows that the Carpathian arc is
threatened by earthquakes [45,47,48]. Furthermore, it is crucial because the Carpathian arc
is located in Romania, Ukraine, Slovakia, Czech Republic, and Poland, see Figure 10. If a
strong earthquake occurs in the Vrancea seismic zone, Figures 9 and 10, the seismic waves
can propagate, Figures 12 and 13, to the Teisseyre-Tornquist zone (TTZ), Figure 12, located
in Moldavia, Figure 13, and transfer the energy of this quake to central Poland, Figure 9,
and also through the Odra fault line, Figure 11, to the southern region of Poland. This
new analysis for 2013 [35] and 2020 [38] could be very important for critical infrastructure
in Europe. It suggests that the view of the seismic safety of existing buildings should
be changed.
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There is a high probability of earthquakes in Central Europe (Czech Republic, Slovakia,
Hungary, Slovenia, Croatia, Serbia, the former Republic of Macedonia, Albania, Romania,
and Bulgaria). There is also a higher risk for the western part of Ukraine and Moldova.
The risk is negligible for the Baltic countries of Latvia and Estonia. All southern European
countries have a higher risk of significant earthquakes than in 2003.

The North Sea-Mediterranean Core Network Corridor and the Rhine—-Alpine Core
Network Corridor lie on a newly identified seismically active zone along the eastern border
of France.

This map (Figures 6, 7 and 13) shows that the probability of earthquakes in Central
and Eastern Europe changes by more than 10%. All of Poland, from east-south to west-
north, is a line of the higher probability for earthquakes. This area is covered by the
Teisseyre-Tornquist Zone substructure (Figure 15).

Western European Platform g™

Figure 15. Background of the Polish geological map without Cenozoic formation [49].

The Polish geologist Wawrzyniec Teisseyre discovered this zone, and his research has
confirmed that of the German Alexander Tornquist [49].

The fundamental question is: Was another critical infrastructure for the Polish
economy—railways, roads, power grids, and pipelines—designed to be earthquake resistant?

All current structures were built when the territory of Poland was considered a seismic
zone. It suggests a change in the approach to protecting these structures against earthquakes.
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3. Methodology

Based on the information about earthquakes, it is necessary to analyse the risk scenario
for Poland. Each earthquake can destroy part of the infrastructure, including buildings,
highways, and railways. The damage depends on the depth and magnitude of the quake:
the strongest with a magnitude of M >= 5 begins to cause damage. The shallower it is, the
greater the surface damage. It also depends on the strength of the construction. The poorer
the construction, the poorer the materials used, or the wrong design solutions, the greater
the risk of damage. Even a magnitude 4 can cause significant damage to weak bindings in
a tiny area around the epicenter. A magnitude 3 quake can be felt as a weak tremor at the
epicenter (if it is shallow) and cannot cause damage to anything. M = 2 earthquakes occur
all over the world, but are only felt by nearby seismic instruments.

What is the situation in Poland with respect to each of these factors?

— The seismic hazard is certainly not increasing. It is just that we are increasing our
knowledge of fault systems, and as humans we have had a very short observation
time compared to geological times, and therefore we have certainly missed several
past events. We must consider the risk of earthquakes as part of the risk scenario
for the socio-ecological system of the historical areas, namely: the built environment;
the natural environment; the economic dimension; the social dimension; the cultural
dimension (both tangible and intangible); and the political dimension, Table 1.

—  Exposure may be higher (e.g., densely populated areas; highly interdependent critical
infrastructures) where the loss of one could lead to the loss of others (e.g., telecommu-
nications); high-value and vulnerable industries (e.g., high technology).

—  The vulnerability of buildings and infrastructures may be high (because they were
designed without consideration of seismic design codes) and may increase as buildings
age and require structural retrofitting.

Seismic risk is not considered a priority in Poland. In order to persuade actions and
policies to prepare for and mitigate impacts, it may be necessary to propose a multi-hazard
and multipurpose action (e.g., preparedness for seismic events as part of a multi-hazard
preparedness campaign that also touches on extreme weather events, pandemics, seismic
retrofitting as part of energy efficiency renovations, and others).
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Table 1. The Risk Scenario Prioritization Tool [50].

HA
Social-Ecological-Systems Natural Environment Built Environment Economic Social Cultural
Dimensions
o Terrestrial Historic city Agriculture,
Exposed elements within the Water and coastal Soil Critical centre/urban Buildings orestry Tourism Health and Movable Archeological Buildings Cultural
HA’s SES dimensions resources infrastructure : livestock and Security heritage resources & structure  landscapes
ecosystems environment fisheries
HAZARDS
Precipitation 1 1 4 5 5 4 4 3 3 3 5 5 4
Heatw:a\ves, extreme day and 4 1 4 3 3 3 4 2 5 5 4 5 5
night temperature
RESULTS
Precipitation 2.0 4.7 34 3.0 43 3.1
Heatw€1ves, extreme day and 30 3.0 30 50 40 36
night temperature

Comment: 1: no risk, 2: low risk, 3: medium risk, 4: moderate risk, 5: high risk.
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4. Results and Discussion

Assume a priori. One day there will be a strong earthquake in Poland. We cannot
predict exactly where and when it will occur. We can assume that it will happen in the
regions marked on the maps with increased risk from the year 2000. Based on the history of
earthquakes in Poland [8], we can see that the strongest will be about magnitude 6.0, closer
to the surface with a depth of 10 km, where there are concentrations of several fault lines of
the Teisseyre-Tornquist zone and the southern regions of Poland in the Odra fault line (see
Figure 11). This quake generates most of the damage caused by body waves, especially the
S and Love waves [3]. The map prepared by GEM shows the hazard risk for each region
of Poland (Figure 16). In it, we can see that in Poland the risk of earthquakes is located in
the central and southern voivodeships, the so-called Podkarpacie, Matopolska and Slaskie,
Opolskie, Dolnoslaskie, Lubelskie, Swietokrzyskie and Mazowieckie.
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Figure 16. Seismic hazard for regions in Poland [51].

It is related to the geological Polish thigh. This map, Figure 17, shows that the most
vulnerable regions are in the Polish Lowlands and any region with mountains. The Polish
Lowlands is an extensive Permo-Mesozoic Polish unconformable basin, covered by a
Cenozoic sedimentary sequence up to 350 m thick. The thickness of the Permo-Mesozoic
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strata varies from about 1 km near the Odra fault zone in the south to more than 4 km north
of Poznan and about 8 km further north [52].
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Figure 17. The shallow geology of Poland [52].

The following question arises: What could be the losses for the Polish economy after
this event?

For this analysis, we will use the map of average annual losses for each region of
Poland (Figure 18).

They used seismic microzonation to divide a region into smaller areas with different
potentials for hazardous earthquake effects in Poland. It is assumed that the effects of
earthquakes depend on the geomorphological characteristics of the ground, consisting of
geological, geomorphological, and geotechnical information [53].

Data from historical earthquakes (Figure 5) and current observations (Figures 6 and 7)
of such events are essential. They allow the identification of regions that have been

threatened by earthquakes in the past and the identification of the causes of current changes,
Table 2.
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Figure 18. Map of the average annual losses in Poland [51].
Table 2. Use of data for three levels of zonation [54].
Grade 1 Grade 2 Grade 3
Historical
earthquakes and . Geotechnical
C e . Microtremor S
Ground motions existing information Simplified Investigation
Geological maps P Ground response
) . geotechnical study ;
Interviews with analysis
local residents
Historical Air photos and
earthquakes and remote sensing Geotechnical
Slope Instability existing information Field studies investigation
Geological and geo- Vegetation and Analyses
morphological maps precipitation data
Historical Air photos and
earthquakes and remote sensing Geotechnical
Liquefaction existing information Field studies investigation
Geological and geo- Interviews with Analyses
morphological maps local residents
Scale of 1:1,000,000~1:50,000  1:100,000~1:10,000 1:25,000~1:5000
mapping.

Therefore, not only what is on the ground but also what is underground is essential to
calculate potential losses in an earthquake.
It can be seen that regions with a thin cover of the Cenozoic sedimentary sequence
are the most threatened. These are the regions of the Carpathians, the Sudetes, the Swie-
tokrzyskie Mountains, the Silesian Uplands, the Lublin Uplands, and the £.6dZ Uplands.
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Mazowieckie was also at risk because it is a city where many strategic offices of the Polish
state are located. For this reason, the risk of an earthquake was included in the calculations.

This proposal was analysed using an EMV (expected monetary value) method [55]. In
the classic analysis of the EMV method, a positive and a pessimistic scenario are used. Not
every earthquake can have a positive impact. It is necessary to change the understanding of
the scenarios taken as results of the simulation of the EMV method. It has been suggested
to call the first scenario “weak losses” and the second scenario “large losses”.

According to [51], the losses were calcified after the earthquakes. Updated prices [56],
and seismic hazard ratios were used for regions in Poland, and the ratios were changed for
Lower Silesia, Lublin, £.6dz, Lesser Poland, Mazowieckie, Opolskie, Podkarpackie, Upper
Silesia, Greater Poland, and West Pomeranian Voivodeships. The results are presented in
Table 3.

Table 3. The loss suffered in Poland after the earthquake.

Ratio Minimal Maximal Ratio Minimal Maximal
(2019) [51] Losses k$ Losses k$ (2023) Losses k$ Losses k$
(2019) [51] (2019) [51] (2023) [57] (2023) [57]
Aacls Lower Silesian
1. Dolnoslaskie Voivodeship 0 518 912 0.02 610 1074
Warmian—
2. Kujawsko-Pomorskie Masurian 0.01 179 518 0.01 212 610
Voivodeship
. Lublin
3. Lubelskie Voivodeship 0 518 912 0.01 610 1074
: Lubusz
4. Lubuskie Voivodeship 0 56 179 0 66 212
L Lodz
5. Lodzkie Voivodeship 0 518 912 0.01 610 1074
6. Matopolskie Lesser Poland 0.03 3343 4569 0.05 3934 5376
Voivodeship
L Masovian
7. Mazowieckie Voivodeship 0.01 912 3343 0.03 1074 3943
. Opole
8. Opolskie Voivodeship 0.01 518 912 0.03 610 1074
9. Podkarpackie Subcarpathian 0.01 518 912 0.03 610 1074
Voivodeship
. Podlaskie
10. Podlaskie Voivodeship 0 56 179 0 66 212
. Pomeranian
11. Pomorskie Voivodeship 0 56 179 0 66 212
12. Slaskie Upper Silesia 0.02 912 3343 0.04 1074 3934
13. Swietokrzyskie \E%Oﬁ;ﬁ; 0.01 518 912 0.03 610 1074
Warmian-—
14. Warminisko-Mazurskie Masurian 0 56 179 0 66 212
Voivodeship
15. Wielkopolskie Greater Poland 0 179 518 0.01 212 610
Voivodeship
The West
16. Zachodniopomorskie Pomeranian 0 179 518 0.01 212 610
Voivodeship
Total k$ 144.98 269.9 357.54 702.37

Any magnitude 6 quake at a shallow depth, about 10 km underground, will cause
extensive surface damage. It will affect all buildings that were not designed with earth-
quake resistance in mind. Buildings made of masonry, including bricks and stone, will be
particularly affected. The same is true for large slab buildings. The effects of demolishing
residential buildings after an earthquake can be seen in pictures from Turkey. On 7 February
2023, a 7.7 magnitude earthquake occurred. Many buildings that were built in-situ with
cast concrete and assembled with prefabricated concrete elements collapsed.
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In Poland, such an earthquake can destroy chimneys and halls of the largest power
plant in Befchatéw: highways and railroads from the south to the north of Poland. The
shutdown of the Belchatow power plant alone will cost the Polish economy PLN 50 billion
(USD 11,561.50 [57]) per day.

Surface damage will be negligible if the epicenter of the earthquake is deeper than
30 km. It propagates seismic waves with a force of about 5.0 on the Richter scale and can
carry shock energy that can be strong enough to damage the structure of buildings. Mining
activities in Silesia and the Lublin region can cause several strong tremors. It can kill
people. In many countries, structural nodes are used, for example, based on the Ukrainian
antiseismic standard DBN B. 1.1-12:2006 “Construction in seismic regions of Ukraine” of
the connections of structural elements, Figure 19 [48].

Figure 19. Hinged joint [48].

If the epicenter is refunded, the surface damage may be less.

A magnitude of 4.0 on the Richter scale with an external shock can damage buildings
and contribute to the collapse of those with low resistance.

If the epicenter is much lower, the surface damage may be less. It is also important to
prepare the population for such an event. For this purpose, a similar information poster
should be promoted and displayed in public places, as is the case in the state of California
in the USA (Figure 20).
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EARTHQUAKE PREPAREDNESS

Steps to take before, during and after a devastating carthquake

BEFORE THE QUAKE G AN L
B> Buy emergency supplies such as: d
i rlnshlnghts
Portable Batteries Firstaid kit Canned Crowbar Pipe Bottled He avy shoes |
radio foods wrench water or boots
P> Locate OFt S &
utilities 3 Y%
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Figure 20. Preparations and behavior during an earthquake, a 1994 poster [58].

It is also based on the Chilean training scenario called Daisy. It starts in kindergarten,
where children are trained to hide under tables or beds in case of an earthquake. Adults
know: every day it is necessary to turn off the main gas valve in the house, and during
an earthquake to extinguish a cigarette, all furniture should be mounted on the walls and
vases should not be placed on high furniture [59].

Below a magnitude of 3.0, it can be felt and cause minor damage, such as cracks in
the walls. The amount of shaking felt depends on the distance from the epicenter and the
depth below the surface. The movement of the earth can be felt in many homes.

What could be the cause of these significant losses?

It is suggested that the source is based on the opinion that the Poland region is
seismic. It means that many buildings and mines can be damaged because the current
Polish construction standards do not propose to protect these structures against horizontal
movements of the ground. In the 1950s and 1960s, many public buildings were built to
protect them from air raids. This was the height of the Cold War. Since the 1980s, the
construction of buildings with this type of unique design has been halted.
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5. Conclusions

According to a 2007 opinion, Poland and other Central European countries should
start training the population on how to behave in the event of an earthquake. This could be
done in three stages.

The first could be based on the same training scenario used for many years in Japan
and other countries with high seismic activity.

The second could be based on the Chilean training scenario called Daisy. We must
train people how to behave at the time of an earthquake, as in the United States (Figure 20).

The third step could be based on the proposal of the authors of the 2007 paper on the
introduction of building resistance in Poland according to the Eurocode 8 standard. The
seismic zone of Eurocode 8 should be implemented for building standards in Central and
Eastern Europe, such as Ukraine (Figure 19). Today, seismic activity is changing. For many
years, the opinion about the possibility of a significant earthquake in Central Europe has
been based on the conclusion that earthquakes occur far away from Europe.

It is advisable to use the well-known LIDAR solution to scan the changes on the
Earth’s surface after each strong earthquake, more than a magnitude 5. This will allow you
to check for displacements that are critical for infrastructure such as transportation. For
example, data on European seismic activity will be collected over the next five years in
the field of seismology and as a basis for an initiative on new building standards for the
European Union.

If the number of earthquakes increases, a standard for the protection of critical infras-
tructure should be introduced. In the case of Poland, a new analysis shows that the opinion
from 2007 should be extended to land transport infrastructure, mines, telecommunications,
and energy networks in the southern regions. In Poland, where many houses are built with
the same or similar technology as in Albania, a strong earthquake can cause significant
economic damage and losses, even more so after the great flood of 1997. The country is not
prepared for such an event.
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