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Abstract. In the city of Almaty, a complete certification of the housing stock of
multi-apartment buildings was carried out for the first time. A total of over 10 thousand
buildings were inspected. The structure of the housing stock was revealed, with groups
of buildings identified based on design solutions and reliability assessment. Based on
the certification results, quantitative assessments of the failure probability values for
various types of buildings were obtained for the first time. Formulas for assessing the
quantitative value of seismic risk were obtained. The results of seismic vulnerability
assessment using the classification of buildings according to the European
macroseismic scale EMS-98 and the seismic scale MSK-64(K) used in the Republic of
Kazakhstan are presented. The obtained results are compared. The number of multi-
story residential buildings of various design types located on tectonic faults was
identified. Based on global statistical data, the number of people killed in a design
earthquake was assessed. An integral assessment of the reliability (probability of
failure-free operation) of the multi-story housing stock of Almaty was obtained. It was
shown that the demolition of non-earthquake-resistant wooden buildings will increase
the overall reliability of a group of multi-story residential buildings by almost 15%. It
has been established that the most dangerous buildings are those with external load-
bearing walls and an internal frame; buildings with load-bearing walls made of
brickwork and precast reinforced concrete floors; buildings with a height of 2 or more
floors with load-bearing walls made of brickwork and wooden floors,; single-storey
buildings with load-bearing walls made of brickwork. The results of the quantitative
assessment of seismic risk values can be used to develop rational urban development
schemes and economic assessment of the territory used.
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AHaaTna. Anmamul KAlacelHOa anleaul pem KONnnamepii UMapammapobvly
MYPbIH YUl KOPbIHA MOJILIK, MOIKYHcammay i ypaizinoi. bapavizer 10 mviynan acmam
eumapam sepmmendi. Kouncmpykmuemi wewimoep men ceHimOinikmi 6Oaganay
OoUbIHWA 2UMAPAMMap MonmapvlH 6esie OMbipbln MYPEbIH Vil KOPbIHbIH KYPblIbIMbL
anvikmanovl. Tenkyscammay Hamudcenepi OOUbIHWIA an2aul pem UMApammapobly
apmypni munmepi ywin akay nauoa 6001y bIKMUMALIObIZbIHLIY CAHObIK 0aeanapul
anviHovl. CelicMuKanvlk mayekenioiy CaHoblK MaHIH baganayea apHaneau hopmyaanap
anvinovl.  Kazakcman Pecnybnuxacvinoa xonoanviiamein EMS-98  eyponanvik
maxpoceucmurkanvlk wkanacel xcone MSK-64(K) ceticmuxanvlk wkanacel 60tbiHUA
aumapammapOobly HCIKMeMeCiH Naudaiana Omvlpbin, CEUCMUKATILIK O0CALIObIKMbL
bazanay Hamuoicenepi Kenmipinoi. AnviHean Hamudicenepoi CanblCmulpy OPbIHOALObL.
Texmonuxanvlk sHcapolkmapoa OpHANACKAH apMYPAi KOHCMPYKMUGMIK munmezi Kon
Kabammul mypaeit yunepoiy canvl aHblkmanovl. Cmamucmukanivly a1emoik oepexmep
He2i3iHOe ecenmeneer xcep CLIKIHICI Ke3iHOe Ka3a Mankamoap camvbli 60azanay
AHCYP2I3IN0L. ANMamyl KanidacvblHbIY KONKAOAmmul MYpPEblH Vil KOPbIHblY CeHIMOLNICIHIY
(akaycolz oicymblc icmey bIKMUMALObIEbIHA) UHmMe2panobl 0aganayvl anibliHObL.
Celicmuxkaza me3imoi emec azawi umapammapowvl 6y3y Ken Kabammvl MYpblH
aumapammap moOblHbIY HCAINbL CeHIMOinicin 15%-ea apmmuipamseiibl KOpcemineeH.
Ey kayinmici ceipmkbl Kyw mycemin KaOvlpeanapvl MeH WK dcakmayvl 6ap
umapammap, Kipniui KaiayoaH Hcacan2aH Kyul mycemin KaOblp2anapbul HcaHe Kypama
memipboemon dHcabviHOapsbl O6ap eumapammap,; Kipniul KAalayoaw Hicacaneaum Kyul
mycemin Kabvipeanapvl MeH azaul xabvlHoapvl bap ouixmiei 2 Hemece 00aH 0a KON
Kabammol umapammap, Kipniu KaiayoaH Hcacanzan Kyuw mycemin KaOwvlp2aiapbsl
bap 0ip xabammul eumapammap. An celicMUKanivlk mayeKeil Wamanapblii CAHObIK
bazanay Hamudicenrepi YmulMObl Kald KYpblabiCbl, NAUOAIAHLLIAMbIH AYMAKMbl
IKOHOMUKATILIK OARANAY CXeMANAPbIH J3ipiey Yulin nauoalaHbLLybl MYMKIH.

Tyiiin ce3nep: menxyscammay, mayeken, umapam, WbIEbIHOAP, CEHIMOILNIK,
Kaumanauy, 0canovlk, MeKmOHUKAIbIK HCAPLIKMAP.
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AHHOTaUUsA. B 20poode Anmamvl énepsvie nposedeHa NOAHAS NACNOPMUAYUS
AHCUNO20 (POHOA MHO2OK8APMUPHBLIX 30anuil. Bcezo oOvlio obcredosano ceviwe 10
mulcay 30anull. Bviasnena cmpykmypa scuno2o ¢poroa ¢ gvloeneruem epynn 30anutl no
KOHCMPYKMUBHbIM —~ peuleHusM U  oyeHKu Haldexcnocmu. Ilo  pezyromamam
nacnopmu3ayuuy 8nepevle Noay4eHbl KOIUYeCmeeHHble OYEeHKU 8elUYUH 8ePOSMHOCMU
omkaza Ons  pasiuuHelx munog 30anuti. Ilonyuenvt Gopmynvt 0ns  oyeHKu
KOJIUYEeCB8EHH020 3HAUEHUs. celicMuyecko2o pucka. Ilpusedenvl pesyibmamol oyenKu
celicMU4eckol  VA36UMOCMU C  UCHONb308AHUEM  Klaccuukayuu 30aHuti  no
Eeponetickou maxpoceticmuueckoui wkane EMS-98 u ceticmuueckot wikanor MSK-
64(K), npumensiemoui 6 Pecnyonuxe Kazaxcman. Bwinonweno conocmaenenue
NONYYEHHbIX Pe3yIbmamos. Bvisigneno Koauuecmeo MHOS0IMANCHBIX HCUNBIX 30AHULL
DPA3TUYHBIX KOHCIPYKMUBHBIX MUNOS, PACNON0HCEHHBIX HA MEKMOHUYECKUX PA3TIOMAX.
Ha ocnoge cmamucmuueckux Mupogvlx OAHHbIX HPOGeOeHA OYEeHKA KOIUudecmed
noaubwiux npu pacuemHom 3emaempscenuu. Ilonyuena unmezpanvHas oyeHKa
HaodedicHocmu  (6eposimHOCMU  0e30MKA3HOU pabomvl) MHO20IMANCHO20 IHCUT020
¢onoa copooa Anmamul. [lokazano, ymo cHOC He CeUCMOCMOUKUX OePEeGAHHBIX 30AHULL
yeenuuum oouyo HA0eHCHOCHb 2PYNNbl MHOLOIMANCHBIX JHCUILIX 30AHULL NOYMU HA
15%. Ycemanoeneno, umo maubonee onacmviMu AGNAIOMCA 30AHUS C HAPYHCHBIMU
HeCyWumuy CMmeHamu U 6HYMPEeHHUM KAPKACOM, 30aHUsi C HeCyWuMu CmeHaMu u3
KUPDNUYHOU KIAOKU U COOPHBIMU JHCeNe300eMOHHbIMU  NEPEeKPLIMUAMU, 30AHUS
gvicomoti 8 2 u 6olee smadicell C HeCYWUMU CMEHAMU U3 KUPNUYHOU KIAOKU U
0EpesAHHbIMU NEPEeKPLIMUAMU, OOHOIMANCHbIE 30AHUSL C HeCYWUMU CMEHaMU U3
KUPNUYHOU K1aoKku. B pe3yiomamsi KOIUuuecmeeHHOU OYeHKU 8eTUYUH CeUCMUYECKO20
pucka mocym Ovblmb UCNONL308AHbI 01 paAspabOmKu cxeM PaAyUOHATLHO2O
2padocmpoumenbcmed, IKOHOMUUECKOU OYEeHKU UCNONb3YeMO MepPUmMopul.

KuaroueBble ciioBa: nacnopmusayus, puck, 30anue, nomepu, HAOEHCHOCHDb,
NOBMOPSAEMOCHIb, YA36UMOCb, MEKMOHUYECKUe PA3TOMbL.
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1 INTRODUCTION

The districts of the Almaty metropolis constitute the most seismically active area in Central
Asia. Over the past 140 years, three strong earthquakes with magnitudes of 7 — 8 have occurred here:
the Verny earthquake of 1887, the Chilik earthquake of 1889, and the Kebin (Kemin) earthquake of
1911. The current population of Almaty is about 2.0 million people, and including the suburbs, about
2.5 million. The background seismicity of the city’s territory, according to the MSK-64(K) scale, is
9 points. According to the old seismic zoning map, there are extensive ten-point zones composed of
soft and loose soils. The entire central part of the city is literally located on tectonic faults, some of
which may be seismogenic. According to the Seismic Zoning Map of the Republic of Kazakhstan,
the median peak ground acceleration is 0.38 g for a recurrence period of once in 475 years and 0.73
g for a recurrence period of once in 2,475 years (g — acceleration of gravity). Since December 12,
2019, the Republic of Kazakhstan has adopted a new construction regulatory framework based on
Eurocode, which provides a probabilistic description of seismic hazard parameters and formalizes the
concept of risk to a significant degree.

The first building inventory in Almaty was carried out in the late 1990s under the supervision
of Academician T.Zh. Zhunusov. Recommendations for building inventory were developed, and the
central part of the city was surveyed. The first seismic risk assessments for Almaty were discussed at
an international expert meeting held in the city on October 22-25, 1996. It was noted that, in the event
of a 9-point earthquake in the Almaty region, depending on the season and time of day, up to 75
thousand people could be killed and up to 300 thousand injured. This initiated the development of the
Program for the Protection of the Population of Almaty from Earthquakes (Lobodryga &
Shardarbek, 2001; Lobodryga, 2015).

The second building inventory — a sample survey of multi-apartment residential buildings in
Almaty — was carried out in 2008 within the framework of the “Study on Seismic Risk Management
in the City of Almaty, Republic of Kazakhstan” under the auspices of the Japan International
Cooperation Agency (JICA). The survey showed that at least 30% of multi-apartment residential
buildings were non-seismic-resistant. In works (Lapin & Erzhanov, 2016; Lapin & Erzhanov,
2017; Aldakhov, 2019) the problems of assessing seismic risk levels for facilities in Kazakhstan and
Almaty began to be considered from the standpoint of risk theory.

2 LITERATURE REVIEW

The third certification was carried out in 2017-2018 on the basis of an agreement between the
State Institution "Department of Architecture and Urban Development of Almaty" and JSC "Kazakh
Research and Design Institute of Construction and Architecture™ (JSC KazNIISA) (Tuleev et al.,
2018; Shokbarov, 2020).

The results are presented in Table 1. These results are, as it were, experimental data on
assessing the seismic resistance of the housing stock of a specific territory.

It should be noted that during the certification, a large number of photographs were obtained
for all types of buildings.

It should be noted that for the first time, when examining all buildings, the practice of shooting
the objects being examined from drones was implemented. Photographic materials on shooting the
objects being examined from various angles are stored for each object. Figure 1-2 show photographs
of some non-earthquake-resistant buildings.

The structure of the housing stock in any settlement, including the city of Almaty, is crucial
information for assessing the levels of reliability and seismic risk for a given city or metropolis.

Based on the results of the building inventory conducted in 2017-2018 (Lobodryga &
Shardarbek, 2001), the complete structure of the housing stock is presented in Table 3 (multifamily
residential buildings). The risk of failure is shown in Tables 4, 5.

The first significant result was obtained: as a result of additional inspections of multistory
residential buildings, the proportion of non-seismic-resistant buildings decreased from 33.32% to
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25.90%. The explanation is fairly straightforward: modern multistory residential complexes were
constructed using monolithic structural solutions.

The second significant result was that only buildings with a steel frame in Almaty can be
unequivocally classified as seismic-resistant. All other building types have non-zero probabilities of
failure, which applies even to relatively seismic-resistant large-panel buildings. Figure 1 shows an
example of a non-seismic-resistant large-panel building

Table 1
The structure of the housing stock of the city of Almaty - apartment buildings (2017-2018)
Number of non-  Index of non- Ma“:lgll: es of
Ne Design solution Nul.nb.e r of earth.quake- earth.quake- earthquake-
buildings resistant resistant .
buildings buildings, % re§1st.ant
buildings
Buildings with a
1 Large-panel 2658 33 1,242% first flexible or
brick floor
Two-story
buildings with
2 Brick 1607 1594 99,07% wooden floors,
four-story
buildings of the
60s
3 Frame 1847 59 3,195% Individual
objects
4 Monolithic 1420 27 1,902% Single objects
Two-story
5 Wooden 627 627 100% frame-reed with
a service life of
over 50 years
6 Metal-frame 12 — — —
Total 8171 2340 33,32%

Figure 1 — Large-panel building with a flexible first

floor, Mynbayev str.47 (author’s material)
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Table 2

Results of the passportization of residential multi-storey residential buildings (MSRB) in 2024

Series of multi-storey residential buildings Quantity Non-earthquake-resistant buildings

IPkar 300 195
[Pmon 1402 -
158 2 -
1K3-464-AS 1 -
1K3-464DS 4 -
308 2 -
69 1 -
VP 3 -
VT 2 -

IP kir 36 36
IPder 7 7
[Pmetal 6 -
Reed panel frame buildings 5 5
CXKKY (SZHKU) 2 -
CXKKY-9 (SZHKU-9) 1 -
No buildings 3 3

total: 1777 246

Table 3

Complete structure of the housing stock of the city of Almaty according to all passports - apartment buildings

Number of non-

Index of non-

. . Number of earthquake- Probabilities of failure
Ne Design solution s earthquake- . .
buildings resistant buildings resistant risk
buildings, %
Buildings with a first
1 Large-panel 2666 33 1,238% flexible or brick floor, built
in an economic way.
Two-story buildings with
2 Brick 1645 1624 98,723% wooden floors, four-story
buildings of the 60s
3 Frame 2155 251 11,647% Individual objects
4 Monolithic 2822 27 0,957% Single objects
Two-story frame-reed with
5 Wooden 639 639 100% a service life of over 50
years
6 Metal-frame 18 - - -
7 Unfinished 3 3
Total 9948 2577 25,90%
Table 4
Failure risk probabilities for different building types
. . Number of Number of non- Index of non-earthquake- Probal.)llltles
Ne Design solution o 1s earthquake-resistant . g of failure
buildings . resistant buildings, % .
buildings risk
1 Large-panel 2666 33 1,238% 0.0124
2 Brick 1645 1624 98,723% 0.9872
3 Frame 2155 251 11,647% 0.1165
4 Monolithic 2822 27 0,957% 0.0096
5 Wooden 639 639 100% 1
6 Metal-frame 18 - - 0
7 Unfinished 3 3 1
Total 9948 2577 25,90%
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Table 5
Failure risk probabilities for different building types
. Probabilities
. . Pl:opablhty Probabilities of  of risk of failure of
Ne Design solution of a building of . . o .
. failure risk buildings of this
this type
group
1 Large-panel 0.2680 0.0124 0.0033
2 Brick 0.1654 0.9872 0.1633
3 Frame 0.2166 0.1165 0.0252
4 Monolithic 0.2837 0.0096 0.0027
5 Wooden 0/0642 | 0/00642
6 Metal-frame 0/0018 0 0.0
7 Unfinished 0.00030 | 0.0030

3 MATERIALS AND METHODS

Below are the average values of economic damage U of buildings by groups of buildings
according to the data of Khakimov Sh.A. Figure 3, which were obtained during the analysis of the
consequences of strong earthquakes in Central and Middle Asia (Khakimov & Nurtaev, 2003;
Khakimov & Nurtaev, 2005; Khakimov, 2001). Note that here there is a connection between the
earthquake score and the average damage in % of the initial cost.

Economical loses, %

U

100

50

2/

g

1 4;7

56 7

() Cd

I, points

Figure 3 — Regression dependences of damage on the intensity of impact in points on a scale MSK-64 (K).

(author’s material)

Using the data in Table 2 and the previous calculations, we can estimate the seismic risk R.
Using the classical definition of risk as the product of the probability of failure Q and the value
of the loss function (Seismic Risk and Engineering Solutions, 1981).

R=QU,

(1)

where U is the damage from failure as a share of the initial cost of the object. Then, according
to the data in Table 2, for the risk value we write

R=0.55-N1Q1U1+N2-Q2U2+N3-Q3U3+0.55-N4Q4+0.40-N5QsUs +0.40-Ns Qs Us, 2)
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where Ui — average damage to a building from the i-th group of buildings, Ni is the number of
non-earthquake-resistant buildings in each group from Table 2. The values of Qi can be taken from
Table 2 for a particular value of repeatability.

Taking into account Ne=0, we will have a regression dependence

R=0.55'N1Q1U1+N2-Q2U2+N3-Q3U3+0.55:N4Q4+0.40-NsQsUs 3)

By substituting the values of the average initial cost, it is possible to obtain a quantitative risk
assessment.

Formula 3 is fairly simple and straightforward. If all old wooden buildings had been demolished
in time, then Ns=0, and the damage value would decrease significantly. The same reasoning can be
applied to any building group. The damage shares relative to the initial cost are taken from the works
of Khakimov Sh.A.

It is clear that classical approaches to assessing building reliability as the probability of not
reaching a specified damage level are also feasible for implementation (Khakimov, 2001; Raizer,
2010; Seismic Risk and Engineering Solutions, 1981; Dzhinchvelashvili et al., 2018; Aizenberg,
1978; Aizenberg, 2004; Raizer, 2007; Tsipenyuk, 1987; Napetvaridze, 1985; Lapin, 1998) and it
is planned to use them in further research.

Let us discuss the presence of a correlation between seismic impact intensity and the degree of
building damage. Table 5 presents the degrees of damage for each building type at a given seismic
intensity. The correlation coefficient was calculated using the MATLAB software package.

Table 6
Correlation coefficients between earthquake magnitude and damage extent
Ne Design solution 7 points 8 points 9 points Correlation coefficients
1 Large panel 7 20 55 0.9667
2 Brick 40 60 90 0.9934
3 Frame 18 25 65 0.9267
4 Monolithic 7 20 55 0.9667
5 Wooden 3 12 40 0.9588
6 Metal-frame 3 12 40 0.9588
7 Unfinished

The correlation coefficient 1s quite high. Therefore, the assessment of the degree of
damageability and loss appears to be reliable.

Example 1. Let us estimate the overall reliability Wo of multi-storey residential buildings in the
city of Almaty. According to Table 5, the probability of failure for the city’s facilities is Q=0.2617.
Therefore, the overall reliability is Wo = 1-Q=0.7383.

Example 2. How will the value of the total probability of failure-free operation of WO change
under the condition of complete demolition of all wooden buildings Table 5 (639 units).

The probability of failure for the group of wooden buildings will become equal to 1, and
according to Table 4, Q=0,1975. Therefore, the overall reliability will be:

W,=0,8025.
The change in overall reliability will amount to 8%, which is quite significant. The demolition

of wooden buildings should therefore be carried out.
The expression for the risk values will then take the form

R=0.55-N1Q1U1+N2-Q2U2+N3-Q3U3+0.55-N4Q4 4)

Example 3. How will the values of the total probability of failure-free operation W, change
under the condition of total reinforcement of large-panel buildings in Table 1 (33 units).
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The probability of failure for the group of large-panel buildings will become equal to 0. Then,
according to the results of Table 5, Q =0,2584 and Qo= 0.26413:

W,=0.7416

The change in overall reliability is about 1.0%, which is not significant. An obvious conclusion
follows: reinforcing large-panel buildings in the city of Almaty should be the last priority.

Finally, we will obtain estimates for human losses in the event of a possible design-level
earthquake. Such estimates were first obtained during the second certification of the city of Almaty.

4 RESULTS AND DISCUSSION

There are various methods for predicting losses. It appears that all these methods are rather
imperfect, with deviations reaching several hundred percent. Therefore, the statistical assessment
confirmed during the 1988 Spitak earthquake (Khachiyan, 2018) seems well justified. According to
global statistical data, the number of fatalities in earthquakes for developing countries can be
estimated as follows.

In cities of developing countries:

For an 8-point earthquake on the MSK and ESC scales, on average, 0.5% of the population
dies, and 2% are injured.

For a severe 9-point earthquake, on average, 5% of the population dies, and 20% sustain serious
injuries.

Assuming that the total population of Almaty, including temporary residents, is 2.5 million
people, the number of fatalities in an 8-point earthquake would average 12,500 people, with 50,000
injured.

In a 9-point earthquake, the fatalities would amount to 125,000, with up to 500,000 injured.

It should be emphasized that these are average estimates. The latter estimate correlates well
with expert assessments from 1996, when the city’s population was around 1.1 million.

This is a realistic assessment. After all, Almaty has a fairly extensive history of earthquake-
resistant construction — about 60 years. The seismic construction standards are quite strict.

As a result of the passportization, the buildings were examined in terms of a macroseismic
assessment according to the EMS-98 scale (Rashid et al., 2023). Residential buildings were classified
by type and plasticity class. They were then assigned to six vulnerability classes according to EMS-
98. The degree of structural damage is assessed from slight damage to complete collapse, within a
range of five levels. The expected mean damage was correlated with various seismic intensities and
peak ground acceleration (PGA) values. The probability of damage was assessed for recurrence
intervals of once in 475 years and once in 2,475 years.

The results of the EMS-98 assessment correspond to the conclusions of this article obtained
using the MSK-64 seismic intensity scale. For masonry-walled and wooden buildings, the mean
damage is very high for both earthquake recurrence intervals. The expected mean damage for
reinforced concrete and precast reinforced concrete buildings with medium plasticity is rather
moderate.

Buildings with steel frames will have an insignificant level of damage. This is a rare case where
two methods of seismic risk assessment were applied using empirical passportization data.

5 CONCLUSIONS

1. At present, as a result of the building certification process for the city of Almaty, objective
information has been obtained on the seismic resistance of six groups of multi-apartment residential
buildings. This data makes it possible to carry out a quantitative assessment of seismic risk values.

2. The most hazardous are buildings with external load-bearing walls and an internal frame;
buildings with load-bearing walls of brick masonry and precast reinforced concrete floors; buildings
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two or more stories high with load-bearing brick masonry walls and wooden floors; one-story
buildings with load-bearing brick masonry walls and wooden beam floors with normal masonry bond
strength of less than 120 kPa (1.2 kg/cm?); as well as wooden buildings constructed in the 1950s
without seismic-resistant measures.

3. Within the framework of the phenomenological approach, values of failure probability have
been obtained for the six groups of buildings. Formulas have been derived from the quantitative
assessment of seismic risk values.

4. The results of the certification indicate insufficient seismic resistance of buildings with load-
bearing brick walls, 99% of which were found to be non-seismic-resistant. The seismic resistance of
such buildings can be ensured only by using various types of seismic isolation systems or by the
widespread application of energy-absorbing elements. JSC KazNIISA has extensive experience in
applying various types of seismic isolation systems. Only the use of such systems will make it
possible to prevent mass casualties and the loss of material assets. It should be remembered that in
1911 the Kemin earthquake had a magnitude of 8.2, was of a seismic disaster nature, and was felt
over an area of 2 million square kilometers.

5. The results of the quantitative assessment of seismic risk values can be used for the
development of schemes for the rational use of land resources, rational urban planning, economic
evaluation of the utilized territory, and for providing information support for various works related to
assessing the seismic hazard of the environment.

6. Research should be continued in the areas of the influence on building reliability of the
following factors: quality of surveys, design, materials, and construction; technical condition,
physical deterioration, specific features of operation, presence of vibration loads, and level of
engineering protection.

7. Based on the results of the 2017-2018 certification, adjustments should be made to the
certification card, taking into account both the experience gained and the experience of other EAEU
countries. Particular attention should be paid to modern foreign studies on determining seismic risk
values.
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