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Abstract. Assessment of expected loss and damage caused
by earthquakes and secondary technological accidents are of
primary importance for the development and implementa-
tion of preventive measure plans, as well as for emergency
management just after the disaster. The paper addresses the
procedures for estimations of loss caused by strong events
and secondary hazards with information technology applica-
tion. Examples of individual seismic risk zoning at Russian
federal and regional levels are given, as well as that of sce-
nario earthquakes consequences estimation, taking into ac-
count secondary technological hazards.

1 Introduction

Earthquakes are becoming more devastating, especially
when they occur in industrialized regions. Social and eco-
nomic losses due to those events and secondary processes
triggered by them, increase annually, which is definitely in
relation with the evolution of society. Seismic and secondary
technological hazards identification and analysis, as well as
risk assessment and mapping, are the first steps in preven-
tion strategy aimed at saving lives and protecting property
against future events. The paper addresses methodological
issues of risk assessment and mapping taking into account
technological accidents at fire, explosion and chemical haz-
ardous facilities triggered by strong seismic events. Special
GIS environments are usually developed for risk assessment
and mapping at different levels. Examples of individual seis-
mic risk zoning for the population of the Russian Federa-
tion and for the Krasnodar region are given, as well as that

Correspondence to:N. I. Frolova
(frolova@esrc.ru)

of scenario earthquakes consequences estimation taking into
account secondary technological hazards at urban and facil-
ity levels.

2 The methodological issues of risk assessment

The section describes the procedures for individual risk as-
sessment created by earthquakes and seismic risk assessment
taking into account secondary technological accidents. For
estimation of risk indexes and risk mapping, the probabilis-
tic approach is used.

For seismic risk assessment the authors follow the con-
cepts proposed and agreed upon by UN and other experts
in the field (Karnik et al., 1978; Fournier d’Albe, 1982,
1986; Karnik, 1984; Boissonnade and Shah, 1984; Mitigat-
ing, 1991; Dolce et al., 1995; UNISDR, 2009; Risk, 2010;
Ranguelov, 2011).

Individual riskRe due to any hazard is determined as the
probability of death and/or injuries and/or economic loss for
persons due to potential hazard within one year at a given
place. Individual seismic riskRs is the product of hazardH
and vulnerabilityVs. Vulnerability of the population to seis-
mic action of a given intensity is understood here as the ratio
between the number of persons expected to be affected by
fatalities, injuries, losses of property and the total number of
persons living in a certain type of buildings (Larionov and
Frolova, 2003a). Individual seismic riskRs (Bonnin et al.,
2002; Bonnin and Frolova, 2004; Frolova et al., 2003, 2011;
Larionov et al., 2003b; Methods, 2000) may be determined
through mathematical expectation of social losses, which in-
clude fatalities, injuries and persons who lost their property,
M(N), taking into account the number of inhabitantsN in
the considered settlement and probability of seismic eventH
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Table 1. Comparison of building vulnerability classes according to MMSK-86 and EMS-98.

Description of buildings’ types according to EMS-98 Vulnerability class

EMS-98 MMSK-86

Rubble stone, field stone A A
Adobe (earth brick) A A
Simple stone B A
Massive stone C
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Rs=H ×Vs(I )=H ×M(N)/N (1)

where−Vs(I ) is the vulnerability of population in the con-
sidered settlement;−H is the probability of seismic event
occurrence per one year;−N is the number of inhabitants in
the considered settlement.

The mathematical expectation of social lossesM(Nj ) in
certainj -type buildings for the considered settlement, taking
into account inhabitant migration in the buildings ofj -type
during the day and night, is determined by equation

M(Nj ) = f (t)

∫∫
Sc

∫
Imin

Imax

PCj (I )×f (x,y,I )

×9j (x,y)×dIdxdy (2)

where –Imin andImax are the maximum and minimum pos-
sible seismic intensities;Sc is the settlement area;PCj (I ) is
the probability of fatalities, injuries and persons having lost
their property, under the condition of damage to buildings of
j -type due to an earthquake with intensityI ; ψj (x,y) is the
density of population distribution within the considered area
in buildings ofj -type; f (x,y,I ) is the density function of
earthquakes’ intensity probabilities within the unit area with
coordinatesx, y; f (t) is the function obtained on the basis of
statistical analysis of data on the population migration over
24 h.

Computations ofPCj (I ) are carried out using equation

PCj (I )=

5∑
i=1

PBi(I )×P(Cj |Bi ) (3)

where−PCj (I ) is the probability of people being impacted
on during the earthquake of intensityI ; −PBi(I ) is the prob-
ability of definite damage statei of buildings under the action

of seismic load with intensityI ; −P(Cj |Bi) is the probabil-
ity of people to survivej level of impact under the condition
that the building survived the damage statei (five damage
states are considered here, fromi= 1 (slight damage) toi= 5
(total collapse)).

The computations ofPCj (I ) are usually done for build-
ing and structure types classified according to the MMSK-86
scale (Shebalin et al., 1986): buildings’ type A (from local
materials); buildings’ type B (brick, hewn stone or concrete
blocks); buildings’ type C (reinforced concrete, frame, large
panels and wood); buildings’ types E7, E8, E9 (earthquake
resistant which are designed and constructed to withstand
earthquakes with intensity 7, 8, 9). MMSK-86 and EMS-98
originate from MSK-64 and the expert estimation of differ-
ent building types according to MMSK-86 and EMS-98 was
undertaken (Table 1) in order to have the possibility of com-
parison of different vulnerability functions.

The mathematical expectation of social lossesM(N) due
to earthquakes in damaged and collapsed buildings for the
considered settlement, taking into account inhabitant migra-
tion in the buildings of all types during the day and night, is
determined by equation

M(N)=

n∑
j=1

M(Nj ) (4)

where−n is the number of considered building types accord-
ing to the MMSK-86 scale.

Secondary consequences resulting from technological ac-
cidents (fires, explosions, release of chemical materials) trig-
gered by earthquakes, are estimated in a few steps: (1) Crit-
ical facilities with storage of different hazardous materials
(fire, explosion and chemical hazardous substances) are iden-
tified; (2) distribution of shaking intensity is simulated for
given parameters of scenario earthquake; (3) field of impact
factors, such as excessive pressure, combustion temperature,
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concentration of chemical hazardous materials, are con-
structed taking into account wind direction, air temperature
and pressure, wind velocity and others factors; (4) probabil-
ity is estimated that the critical facility will survive the dam-
age state above threshold value; (5) social loss and individual
risk are estimated in the case of technological accidents trig-
gered by earthquake, according to Eqs. (5) and (6).

Individual riskRei in the case of an accident at fire and
explosion hazardous facilities (Methods, 2002) is determined
by

Rei =
1

N

∑
k

Hk
∑
j

∫∫
S

Ekj (x,y)×Pj (x,y)

×ψ(x,y)×dx×dy. (5)

where –Hk is the probability of accident per year accord-
ing to scenariok (fires, fire balls, explosions and other phe-
nomena may be considered as scenario events);Ekj (x,y) is
the probability of impact mechanismj in the point (x,y) for
the accident scenariok (as an impact mechanism, the follow-
ing factors could be considered: heat effect on population,
shock wave, debris of buildings and constructions, and oth-
ers);Pj (x,y) is the probability of fatality in the point with
coordinates (x,y) under the condition that impact mecha-
nism j is realized;ψ(x,y) is the density of population dis-
tribution in the vicinity of the point with coordinates (x,y);
N is the number of people within the zone of risk;S is the
area within which people may be impacted in the case of an
accident (i.e. the zone of risk).

Individual riskRei in the case of an accident at a chemical
hazardous facility (Methods, 2002) is determined by

Rei =
H

N

∫∫
S

2π∫
0

Vmax∫
Vmin

f (a,V )×P
[

 4
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(x,y)=

tk∫
tn

�(x,y,t)×dt, (7)

where –tn. . .tk is the time interval within which the concen-
tration of the chemical substance is dangerous;�(x,y,t) is

the concentration of the chemical hazardous substance in the
atmosphere at the point with coordinates (x,y).

Integrated individual riskRe(x,y) due to earthquakes and
secondary technological accidents (Methods, 2000, 2002;
Frolova et al., 2007) is determined by equation

Re(x,y)= 1−

n∏
i=1

[1−Rei(x,y)] (8)

where –n is the number of considered emergencies;Rei(x,y)
is the individual risk due toi-th emergency situation.

3 Seismic risk assessment at different levels

Earthquakes are the most hazardous natural processes in the
Russian Federation, which may result in fatalities, injuries
and economic loss. The results of seismic risk assessment
taking into account secondary hazards are essential (practi-
cal) input for planning and implementing preventive mea-
sures at national and local authority levels, as well as ac-
tions to be taken by the Ministry of the Russian Federation
for Civil Defense, Emergencies and Elimination of Conse-
quences of Natural Disasters (EMERCOM of Russia) just
after the occurrence of a strong earthquake. Taking into ac-
count the fact that at present, in Russia, existing and under-
construction oil pipe routes cross the earthquake prone areas
with high level of seismicity, the above-described procedure
is used for risk assessment regarding possible damage to fa-
cilities of TRANSNEFT JSC; the corresponding GIS envi-
ronment is further developed. Examples of risk estimations
and mapping at different scales are given below.

3.1 Seismic risk assessment and mapping at federal
level

The procedure described above was used for the computa-
tion of individual risk for the territory of the Russian Fed-
eration with application of special GIS environment. Val-
ues of seismic risk obtained for separate cities and settle-
ments were averaged within the administrative divisions of
the country. Three maps of individual seismic risk were con-
structed:Rs1 – probability of fatalities;Rs2 – probability of
fatalities and injuries;Rs3 – probability of fatalities, injuries
and economic loss for population due to the occurrence of
earthquakes within one year. Figure 1 shows the map of in-
dividual seismic risk zoningRs1 (probability of fatalities).
Values obtained for individual seismic risk vary from neg-
ligible, close to zero, up to rather high values: more than
30×10−5 for the probability of fatalities (mapRs1); more
than 100×10−5 for the probability of fatalities and injuries
(mapRs2); more than 150×10−5 for the probability of fa-
talities, injuries and economic loss to population caused by
earthquakes per year (mapRs3). Table 2 shows the extent of
zones with different levels of individual seismic risk accord-
ing to mapsRs1,Rs2 andRs3.
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Table 2. Values of individual seismic risk and extent of zones with different risk levels.

Risk ranges Qualitative risk
Extent of zones, Extent of zones, Extent of zones,

10−5 yr−1 characteristics
mapRs1 mapRs2 mapRs3

106 km2 % 106 km2 % 106 km2 %

<0.1 small 8.8 53 8.1 49 7.6 46
0.1–1.0 moderate 2.5 15 2.9 17 2.2 13
1.0–5.0 average 2.4 14 1.5 9 1.9 11
5.0–10.0 high 1.2 7 1.4 8 0.9 5
10.0–30.0 rather high 1.2 7 1.5 9 1.8 11
30.0–100.0

extremely high
0.5 3 1.1 7 1.6 10

100.0–150.0 – – 0.1 1 0.2 1
>150.0 – – – – 0.4 2

Fig. 1. Map of individual seismic riskRs1, 10−5 yr−1, for the territory of the Russian Federation.

The computed values of individual seismic riskRs1 are
more than 30× 10−5 yr−1 for all administrative divisions
within the Sakhalin area, Republic of Altay, Tuva, Dagestan
and Northern Osetia. The highest values of individual seis-
mic riskRs3 are obtained for Kamchatka, near lake Baikal,
Republic of Buryatia, Irkutsk region, Altay kray, as well as
for the Krasnodar region and Chechen Republic.

3.2 Seismic risk assessment and mapping at regional
level

The Krasnodar region is characterised by a high density pop-
ulation and a rather high level of seismic hazard. According
to maps of review seismic zoning of the Russian Federation
territory, earthquakes with intensitiesI = 6− 10 according
to the MMSK-86 scale may occur here. The loss compu-
tations for this region were done taking into account sec-
ondary man-made accidents at fire, explosion and chemical
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Fig. 2. Map of seismic riskRst1, 10−5 yr−1 zoning for the territory of the Krasnodar region, taking into account technological accidents
triggered by earthquakes.

hazardous facilities. For risk assessment and mapping at a re-
gional scale, information about the population and building
stock distribution in the region was updated. The detailed in-
ventory data obtained during the last years and data on the
built environment provided by the Regional Departments of
EMERCOM of Russian Federation, was used to develop the
building stock models for 83 settlements with a population
more than 10 000 inhabitants, 281 ones with a population
from 2000 up to 10 000 inhabitants and 1647 rural settle-
ments with the number of inhabitants less than 2000 per-
sons each. The models are characterised by the percentage of
buildings of different types according to the MMSK-86 scale
and their height. The parameters of regional vulnerability
functions for different building types, as well as vulnerabil-
ity functions for population, were checked for the Krasnodar
region.

Estimation of individual risk for the population of the
Krasnodar region was carried out for the worst scenarios
when earthquakes occurred during the night time. In order to
estimate expected social losses within cities and towns, they
were divided into unit sites. Then indexes obtained for each

unit site were summed up. The regional map of risk zon-
ing (Fig. 2) includes two elements: risk for settlements with
the number of inhabitants less than 1000, shown by “hypso-
metric” contours, and risk for settlements with the number
of inhabitants more than 1000 shown by symbols (circles of
different sizes and colours). The “hypsometric” scale is used
to represent both elements on the map.

Values of risk obtained for the Krasnodar region (Fig. 2)
vary from negligible values up to rather high ones equal
to 30.0× 10−5. On the whole, for more that 60 % of the
Krasnodar region territory, the values of seismic risk com-
puted taking into account the secondary technological acci-
dents exceed the value of 1.0×10−5 (Table 3). High level
of individual seismic risk results from relatively high seis-
mic activity of the area under consideration, lack of proper
earthquake resistant measures for the existing building stock,
as well as the presence of fire, explosion and chemical haz-
ardous facilities in the settlements’ territory.

Comparison of seismic risk valuesRs1 averaged for ad-
ministrative divisions of the Krasnodar area (Fig. 1), which
were obtained at federal level, with risk valuesRst1 (Fig. 2)
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Fig. 3. Distribution of seismic riskRst1, taking into account sec-
ondary technological accidents triggered by earthquakes for the set-
tlements of the Krasnodar region.

Table 3. Extent of zones with different risk levels for the Krasnodar
area.

Number Risk ranges,
10−5 yr−1

Extent of
zones, km2

1
2
3
4
5
6
7
8
9

<0.5
0.5× 10−5. . . 1.0
1.0. . . 5.0
5.0. . . 10.0
10.0. . . 15.0
15.0. . . 20.0
20.0. . . 25.0
25.0. . . 30.0
>30.0

19 651
5920
18 334
1681
8944
2110
12 802
6331
7456

for separate settlements of the Krasnodar area, which were
obtained at regional level, allows us to draw the conclusion
that average contribution of secondary technological acci-
dents to the seismic risk is 10–15 %. The largest contribution
of possible accidents triggered by earthquakes, equal to 20–
25 %, is obtained for cities Novorossijsk and Tuapse. Here
the contribution of technological risk (Fig. 3 – dark colour)
is connected mainly with the oil pipe facilities.

3.3 Scenario earthquake consequences

The Stavropol region is also characterised by a high density
of population and a rather high level of seismic hazard. Ac-
cording to maps of review seismic zoning of the Russian Fed-
eration territory, earthquakes with intensitiesI = 6− 9 ac-
cording to the MMSK-86 scale may occur in the region. The
expected loss computations due to scenario events were done
for the Stavropol area taking into account possible earth-
quake source zones (Fig. 4). The parameters of scenario
earthquakes are shown in Table 4.

Table 4. Parameters of scenario earthquakes for the most hazardous
source zones.

No. of event,
Coordinates

Depth of M

see Fig. 4
of epicentre

source, km

ϕ0 N λ0 E

No. 1 43.75 43.08 20 7
No. 2 43.92 42.49 15 6
No. 3 43.98 43.22 15 6
No. 4 43.71 42.44 20 7
No. 5 44.98 41.97 10 5

Expected damage to the building environment and human
casualties were estimated for the worst scenarios under the
condition that 95 % of the population is inside buildings.
Computations were carried out with special GIS code, which
was developed for the region under consideration.

The most severe damage to building stock was obtained
for events no. 1 and no. 4 (Table 4) with magnitudeM = 7
and source depthh= 20 km. In the majority of cities and
settlements located within a radius of 30–40 km from the
epicentres of events no. 1 (Fig. 5) and no. 4 the buildings
and constructions may survive an average damage state of
d = 4 (partial collapse), and within a radius of 50–100 km
the average damage stated may be equal to 3 (heavy dam-
age). Within the settlements, separate buildings of differ-
ent types, classified according to MMSK-86, may undergo
damage state fromd = 5 (total collapse) up to slight damage
d = 1, depending on their seismic vulnerability and distance
from the epicentre. Table 5 lists the results of expected dam-
age computations for large settlements in the Stavropol area
for scenario events no. 1 and no. 4.

In the case of scenario events no. 2 and no. 3 (Table 4)
with magnitudeM = 6 and source depthh= 15 km, the built
environment in the majority of settlements may undergo in
average slight damage (d = 1). The effect from such events
may be felt in 400 settlements of the Stavropol area.

Macroseismic effect from scenario event no. 5, with a
magnitudeM = 5 and source depthh= 10 km (Table 4) may
reachI0 = 6− 7 (MMSK-86 scale) in the epicentre area.
The building stock in average may undergo slight damage
(d = 1). Such an earthquake may be felt in 99 settlements
of the Stavropol area. In Stavropol City located 5 km from
the epicentre of the scenario event, the seismic intensity may
reachI = 6.5−7 (MMSK-86 scale). In this city about 30 %
of buildings may undergo moderate damage (d = 2), about
20 % – heavy damage (d = 3) and about 2 % – partial col-
lapse (d = 4).

When estimating scenario event consequences at urban
and facility levels, the damage and loss resulting from sec-
ondary accidents triggered by earthquakes is also taken into
account. Figure 6 shows the results of possible consequences
simulation of chemical hazmat release at industrial facility.
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Fig. 4. Map of possible source zones for Stavropol region, according to Sobolev et al. (1996); numbered circles 1, 2, 3, 4 and 5 are scenario
events’ epicentres (Table 4).

Fig. 5. Simulation of expected damage due to scenario event no. 1. Distribution of average damage states to building stock in settlements:
black colour – total collapse, brown – partial collapse, red – heavy damage, yellow – moderate, green – slight, blue – no damage.
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Table 5. Expected damage to building stock in settlements of the Stavropol area.

Settlement
Scenario Scenario

name
event no. 1 event no. 4

1, km
Percent of buildings with differentd

dav 1, km
Percent of buildings with differentd

dav
d = 1 d = 2 d = 3 d = 4 d = 5 d = 1 d = 2 d = 3 d = 4 d = 5

Essentuki 36 4 10 18 27 38 4 52 10 19 27 24 14 3
Pyatigorsk 30 4 10 18 27 38 4 61 13 23 28 20 8 3
Lermontov 41 6 13 22 28 28 4 62 13 23 28 20 8 3
Kislovodsk 33 2 8 15 24 50 4 31 4 10 18 27 39 4
Cherkessk 98 15 31 30 16 5 3 64 8 26 32 22 9 3

Table 6. Possible consequences of chemical hazmat release for two scenario accidents: most dangerous and probable events.

Facility Sochi Fishery Plant Adler Water Supply System

Type and amount of chemical hazmat Ammonia, 2 tons Chlorine, 0.3 tons
Estimated frequency of accidents, /year 1×10−5 1×10−4

Size of the contaminated area, km2 0.82 0.3
Expected fatalities, persons 28 2
Expected casualties, persons 224 16
Expected damage, thousands rubles 120 000 321

Fig. 6. Simulation of possible contaminated zones in the case of
an accident with chemical material release: 1 – source of release of
3.0 tons liquid chlorine; 2 – after 1 h; 3 – after 3 h and 4 – after 4 h.

By different colours the contaminated zones’ boundaries are
shown for different time intervals from 1 h up to 4 h. Ta-
ble 6 shows the results of possible consequences simulation
of chemical hazmat release for two most dangerous and prob-
able events in the case of strong earthquake in Sochi City.
Figure 7 shows the results of individual risk estimation for
oil reservoirs storage (tank farm) and pump station of oil pipe
line system belonging to TRANSNEFT JSC for the case of
technological accidents triggered by earthquakes.

Fig. 7. Zoning of the oil storage tank farm’s territory according to
the level of individual risk.

4 Conclusions

The present paper describes the methodological procedure
used for the assessment of seismic risk using special GIS en-
vironment.

Examples of seismic risk assessment at different levels (ur-
ban and facility level), as well as scenario earthquake conse-
quences’ assessment taking into account possible secondary
accidents at fire, explosion and chemical hazardous facilities,
are given.
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The estimations of individual seismic risk obtained are
used by EMERCOM of the Russian Federation, as well as
by other federal and local authorities, for planning and imple-
menting preventive measures, aimed at saving lives and pro-
tecting property against future disastrous events. The results
also allow to develop effective emergency response plans tak-
ing into account possible scenario events.

Taking into consideration the size of the oil pipe line sys-
tems located in the highly active seismic zones, the results of
seismic risk computation are used by TRANSNEFT JSC.
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