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Abstract.
In a previous study, the collapse frequencies and associated mortalities of buildings were compiled

based on various publications. The investigation showed a considerable scattering of collapse frequencies
depending on the countries. In this paper, the collapse frequencies determined for buildings are
compared with the results of probabilistic calculations. Such comparisons have already been carried
out for bridges, dams, tunnels and retaining walls including the consideration of central estimators
and standard deviations. In order to limit the scatter, the probabilities of failure for buildings were
subdivided into the different causes of failure, and collapse frequencies were subdivided into different
countries and geographical regions. Overall, the comparison shows that the probabilities of failure
are on overage larger than the observed collapse frequencies. Furthermore, the comparison shows are
large span, which is unusual for other types of structures. Of concern are the high observed collapse
frequencies in various developing countries. Human error, lack of training, etc. are often cited as the
cause. Should this correspond to the facts, the basic safety concept of modern building standards, which
generally excludes human error, would only be applicable in these regions to a limited extent. However,
the investigation includes some limitations, such as different safety targets in different standards and
different years of constructions, which are not considered. Further work is required.
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1. Introduction
Modern safety concepts for structures are based on
probabilistic models [1, 2]. In contrast to these calcu-
lation models, in which either directly or indirectly
nominal failure probabilities are determined, there are
the observations of building collapses. Whether and
how the calculated and observed values are compara-
ble and related, is the subject of scientific discussion
[3, 4]. Comparison is common in other disciplines
[5, 6], but is often rejected in the construction indus-
try [1, 2].

Nevertheless, the calculated failure probabilities and
the observed collapse frequencies of bridges [7], dams
[8], tunnels [9] and supporting structures [10] were
compared within the framework of a series of articles.
Furthermore, the comparison was also methodologi-
cally extended from central estimators to statistical
uncertainty parameters [11]. Also, the mortality due
to structural collapses was estimated, see for example
[9, 12].

This document presents the comparison of collapse
frequencies and failure probabilities for buildings. In
the following section the term building is defined.

2. Definition of Buildings
Structures can basically be divided into two classes:

• Buildings as residential, commercial, and public
buildings as well as buildings for the sports and
leisure sector.

• Civil engineering structures as part of the infras-
tructure such as bridges, dams, retaining walls and
tunnels.

This paper focuses on buildings. Three definitions
of buildings are given.

The German Federal Statistical Office [14] defines
buildings as: "...structures that generally rise sub-
stantially above the earth’s surface. For technical
reasons, buildings also include independently usable
underground structures that can be entered by people
and are suitable or intended for the protection of peo-
ple, animals or property (e.g., ...., underground shop-
ping centres and production facilities, underground
car parks)".

The Swiss Confederation [15] defines: "Buildings
[are] a permanent structure, provided with a roof,
firmly attached to the ground, capable of accommo-
dating persons and serving residential purposes or
purposes of work, education, culture, sport or any
other human activity; ..."

The Free State of Saxony [16] in Germany defines:
"Buildings are independently usable, covered structures
that can be entered by people and are suitable or in-
tended to serve the protection of people, animals or
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Figure 1. Annual frequency of building collapses based on [13]. The individual references are given in [13].

property."

3. Definition of Collapse and
Failure

After the definition of the term building, the terms
collapse and failure should be defined.

Usually, a collapse is a sequence of failures of struc-
tural elements leading to the destruction of the build-
ing (non-repairable). The sequence is often described
as chain reaction and progressive collapse. Collapse
frequencies are computed based on observed and doc-
umented collapses of buildings. Another definition
considers the building collapse as the entire structure
or parts come down.

In contrast, failure is the computational exceedance
of a single ultimate limit state equation, which may
or may not yield to a non-repairable damage. This ex-
ceedance of the ultimate load state equation is related
to one internal force (moment, shear force, axial force,
buckling etc.) and one location at a structural ele-
ment. Probabilistic failure computations are related
to numerical models incorporating random variables
as well as individual limit state functions. The results
of individual probabilistic computations for one struc-
tural element and one limit state can be combined to
consider the entire structures.

4. Collapse Frequency of
Buildings

The collapse frequency is computed as follows:

F = nC

nB
(1)

The stock of buildings nB , the number of collapses
nC and the collapse frequencies of buildings F were

investigated and visualized in [13] based on a large
number of publications. This reference also includes
the investigation of the mortality due to building col-
lapses. However, the study does not include collapses
from earthquakes and floods.

Figure 1 gives an overview of references related
to the collapse frequency of buildings and Figure 2
shows the mortalities based individual references. The
individual references are given in [13].

5. Probability of Failure of
Buildings

While only a relatively small number of publications
can be used to determine collapse frequencies, there
is an almost unmanageable number of publications
with calculations of the probability of failure of build-
ings. In the context of this study, 22 publications
were selected, however finally only 21 are used. The
publications refer to a wide range of actions, but they
are not yet a representative selection of the building
stock. The discussion of the assumptions and limita-
tions of each of the used publications is beyond the
scope of this article. Even further, the study should
be extended using more references and distinctions of
the building stock.

Table 1 and Figure 3 visualises the probabilities of
failure of the used references. Furthermore, Figure 3
includes the observed collapse frequencies from Fig-
ure 1 in grey colour. Additionally, the references of
the collapse frequencies have been excluded.

6. Discussion
Based on Table 1 and Figure 3, it can be seen, that the
probabilities of failure show an extraordinary scatter.
The values range 10−19 to 10−1 per year. The scatter
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Figure 2. Mortality due to building collapses based on [13]. The individual references are given in [13].

Number Reference Action Range of Probability of Failure
1 [17] Structural Analysis 3.17 × 10−5 to 9.68 × 10−4, 6.21 × 10−3 to 2.12 × 10−1

2 [18] Snow 3.17 × 10−5 to 1.39 × 10−2

3 [19] Earthquake 1 × 10−5 to 1.05 × 10−2

4 [20] Earthquake 9.87 × 10−10 to 1.07 × 10−2

5 [21] Structural Analysis 3.47 × 10−3 to 6.87 × 10−4

6 [22] Wind 6 × 10−4 to 8 × 10−4

7 [23] Earthquake 0.310 × 10−2/0.363 × 10−2

8 [24] Human Failure 0.3 × 10−3 to 1.3 × 10−3

9 [25] Structural Analysis 8.275 × 10−6 to 1.285 × 10−5

10 [26] Human Failure 1.35 × 10−2 to 8.63 × 10−2

11 [27] Foundation 1 × 10−6 to 1.3 × 10−4

12 [28] Foundation 4.5 × 10−6/4.21 × 10−4/1.86 × 10−8/2.47 × 10−8/1.70 × 10−6

13 [29] Wind 1 × 10−5

14 [30] Wind, Typhoon 1.7 × 10−4/1.69 × 10−3

15 [31] Earthquake 3.4 × 10−4 and 2.8 × 10−3

16 [32] Wind 1.0 × 10−6 to 5.58 × 10−5

17 [33] Foundation 2.72 × 10−8/1.22 × 10−9/1.61 × 10−11/1.89 × 10−16

18 [34] Fire 3.8 × 10−7/7 × 10−10

19 [35] Human Failure 6.4 × 10−6

20 [36] Fire 3.3 × 10−9/3.3 × 10−8

21 [37] Structural Analysis 1 × 10−5

Table 1. References and related Probabilities of Failure.

is significantly larger than the scatter of the collapse
frequencies.

Furthermore, the probabilities of failure are on aver-
age clearly above the average of the collapse frequen-
cies. Of course, the collapse frequencies in Figure 1
and 3 do not consider large-scale accidental actions
such as earthquakes or floods, which are considered
in the probabilities of failure. Whereas the median of
the probabilities of failure without accidental actions

is in the range of 1.06×10−5, the median of all results
is in the range of 6 × 10−4 per year.

The collapse frequency on a worldwide scale without
earthquakes and floods was 3.3 × 10−6 per year [13].
Own estimations considering earthquakes and floods
yields to a factor 3 to 20 for this collapse frequency,
either based on Table 2 and 3 or on the average number
of fatalities due to earthquake and the number of
collapsed buildings [39, 40]. This would yield to a
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Figure 3. Computed probabilities of failure for buildings based on various references given in Table 1 and related to
actions.

Year Country Action Number of buildings destroyed
1970 Bangladesh Flood 400,000
1995 Kobe, Japan Earthquake 46,000 - 100,000
2001 El Salvador Earthquake 200,000
2001 Peru Earthquake 20,000
2004 Southeast Asia Tsunami 300,000
2010 Haiti Earthquake 250,000

2011 Japan Earthquake and
Tsunami

45,000 - 130,000 destroyed
190,000 - 240,000 damaged

Table 2. Number of destroyed houses during large-scale accidental actions.

Year Damaged houses Destroyed houses Collapse Frequency Ratio to 3.3 × 10−6

2015 660,000 85,000 6.5 × 10−5 19.81
2016 380,000 90,000 6.9 × 10−5 20.98
2017 560,000 115,000 8.8 × 10−5 26.81
2018 450,000 95,000 7.3 × 10−5 22.14
2019 340,000 90,000 6.9 × 10−5 20.98
2020 170,000 30,000 2.3 × 10−5 6.99

Table 3. Number of damaged and destroyed houses during earthquakes per year worldwide (Earthquake Impact
Database). The total stock of buildings has been assumed with 1.3 billion, which is slightly below 1.5 used in [38].
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collapse frequency in range from 1 × 10−5 to 7 × 10−4.
Therefore, the ratio of median probabilities of fail-

ure to median collapse frequencies is 3.2 ((1.06 ×
10−5)/(3.3 × 10−6)) without considering earthquakes
and floods. For the consideration of earthquakes and
floods this ratio would be in the range just below 1 to
well over 20 with an average value in the upper range
((6 × 10−4)/(1 × 10−5 to 7 × 10−4).

The large span of the difference between the calcula-
tions and the observations stays in contrast to all other
types of structures, such as bridges, dams, retaining
structures. For those the values are in the range of
2. On the other hand, buildings form the largest
number among the structures. Therefore, subgroups
have probably to be formed to increase the quality of
this comparison, especially with focus on earthquakes.
Even further, we have not considered the different
target values in different standards, such as ASCE
and Eurocode, the different consequence classes, and
the different construction years of the buildings and
the relevant standards. It is well known that newer
standards yield to better structural behaviour under
extreme loads such as earthquakes. These distinctions
can be investigated in future works.

On the other hand, this study shows that the com-
puted probabilities of failure in average are conserva-
tive.

7. Conclusion
The sample size of the publications used for the inves-
tigation of the failure probabilities and the collapse
frequencies is roughly comparable. However, the dif-
ferences between the average calculated failure prob-
abilities and the observed collapse frequencies shows
an large span, which is in contrast to other types of
structures. For this reason, further work is necessary,
such as

• increasing the number of considered probabilistic
calculations,

• selection of probabilistic calculations representative
for the building stock,

• more precise interpretation of the ranges of failure
probabilities in the publications,

• assign the collapses and calculations to specific ac-
tions (earthquakes),

• comparison of specific types of buildings or country
specific buildings with the related computation and,

• distinction of the collapsed buildings with regards
to construction year, used code and used target
values.

References
[1] Eurocode 0. EN 1990: Basis of Structural Design,

English Version, 2017.
[2] G. Spaethe. Die Sicherheit tragender

Baukonstruktionen. Springer-Verlag, Wien, 1992.

[3] O. Ditlevsen. Uncertainty and Structural Reliability,
Hocus Pocus or Objective Modelling. Lyngby:
Afdelingen for barende konstruktioner, Danmarks
tekniske hojskole, 1988.

[4] D. Proske. Ist der Vergleich von Einsturzhäufigkeiten
und Versagenswahrscheinlichkeiten sinnvoll? ce/papers
3(2):48-53, 2019. https://doi.org/10.1002/cepa.957.

[5] D. Proske. Differences between Probability of Failure
and Probability of Core Damage. Proceedings of the
14th International Probabilistic Workshop, Ghent, pp.
109-122, 2016.

[6] S. Raju. Estimating the Frequency of Nuclear
Accidents. Science & Global Security 24(1):37-62, 2016.
https://doi.org/10.1080/08929882.2016.1127039.

[7] D. Proske. Bridge Collapse Frequencies versus Failure
Probabilities, Springer-Verlag, Cham, 2018.

[8] D. Proske. Comparison of Large Dam, Failure
Frequencies with Failure Probabilities. Beton- und
Stahlbetonbau, 16th International Probabilistic
Workshop 113(S2):2-6, 2018.

[9] P. Spyridis, D. Proske. Revised Comparison of Tunnel
Collapse Frequencies and Tunnel Failure Probabilities.
ASCE-ASME Journal of Risk and Uncertainty in
Engineering Systems, Part A: Civil Engineering 7(2),
2021. https://doi.org/10.1061/ajrua6.0001107.

[10] C. Hofmann, D. Proske, K. Zeck. Vergleich der
Einsturzhäufigkeit und Versagenswahrscheinlichkeit von
Stützbauwerken. Bautechnik 98(7):475-81, 2020.
https://doi.org/10.1002/bate.202000084.

[11] D. Proske. Erweiterter Vergleich der
Versagenswahrscheinlichkeit und -häufigkeit von
Kernkraftwerken, Brücken, Dämmen und Tunneln.
Springer-VDI-Verlag GmbH, 95(9):308-317, 2020..

[12] D. Proske. Zur Berücksichtigung hypothetischer
Opferzahlen in Lebenszykluskostenberechnungen von
Brücken. Beton- und Stahlbetonbau 115(6):459-68, 2020.
https://doi.org/10.1002/best.201900102.

[13] D. Proske, M. Schmid. Häufigkeit von und Mortalität
bei Hochbaueinstürzen. Bautechnik 98(6):423-32, 2021.
https://doi.org/10.1002/bate.202100004.

[14] Statistisches Bundesamt. Systematik der Bauwerke.
Erstausgabe 1978, Version vom 1.1.2014, Wiesbaden,
2014.

[15] Schweizerische Eidgenossenschaft. Verordnung über
das eidgenössische Gebäude- und Wohnregister
(VGWR). Bern, 2017.

[16] Freistaat Sachsen. Sächsische Bauordnung in der
Fassung der Bekanntmachung vom 11. Mai 2016.
(SächsGVBl. S. 186) mit letzter Änderung vom 11.
Dezember 2018 (SächsGVBl. Seite 706), 2018.

[17] P. Drukis, L. Gaile, K. Valtere. Study of structural
reliability of existing concrete structures. IOP Conference
Series: Materials Science and Engineering 251, 2017.
https://doi.org/10.1088/1757-899x/251/1/012087.

[18] M. Sykora, M. Holicky. Failures of Roofs under Snow
Load: Causes and Reliability Analysis. Fifth Forensic
Engineering Congress 2009: Pathology of the Built
Environment, Washington, D.C., United States, pp. 444-
452, 2009. https://doi.org/10.1061/41082(362)45.

165

https://doi.org/10.1002/cepa.957
https://doi.org/10.1080/08929882.2016.1127039
https://doi.org/10.1061/ajrua6.0001107
https://doi.org/10.1002/bate.202000084
https://doi.org/10.1002/best.201900102
https://doi.org/10.1002/bate.202100004
https://doi.org/10.1088/1757-899x/251/1/012087
https://doi.org/10.1061/41082(362)45


Dirk Proske, Michael Schmid Acta Polytechnica CTU Proceedings

[19] I. Iervolino, A. Spillatura, P. Bazzurro. Seismic
Reliability of Code-Conforming Italian Buildings.
Journal of Earthquake Engineering 22(sup2):5-27, 2018.
https://doi.org/10.1080/13632469.2018.1540372.

[20] M. S. Al-Ansari. Reliability Index of Tall Buildings
in Earthquake Zones. Open Journal of Earthquake
Research 02(03):39-46, 2013.
https://doi.org/10.4236/ojer.2013.23005.

[21] B. Ellingwood, T.V. Galambos. Probability-based
Criteria for Structural Design. Structural Safety, pp.
15-26, 1982.

[22] B. Ellingwood, P. Tekie Wind load statistics for
probability-based structural design. Journal of
Structural Engineering, (125)453-463, 1999. https://do
i.org/10.1061/(asce)0733-9445(1999)125:4(453).

[23] E. G. Abdelouafi, K. Benaissa, K. Abdellatif.
Reliability Analysis of Reinforced Concrete Buildings:
Comparison between FORM and ISM. Procedia
Engineering 114:650-7, 2015.
https://doi.org/10.1016/j.proeng.2015.08.006.

[24] J. De Haan, K. Terwel, S. Al-Jibouri. Design of a
Human Reliability Assessment model for structural
engineering. In: Safety, Reliability and Risk Analysis:
Beyond the Horizon. London: Taylor & Francis Group,
pp. 2299-2306, 2014.
https://doi.org/10.1201/b15938-344.

[25] J. B. Cardoso, J. R. de Almeida, J. M. Dias, et al.
Structural reliability analysis using Monte Carlo
simulation and neural networks. Advances in
Engineering Software 39(6):505-13, 2008. https:
//doi.org/10.1016/j.advengsoft.2007.03.015.

[26] X. X. Yuan, W. L. Jin. Structural Reliability and
Human Error of Reinforced-Concrete Building during
Construction. Advanced Materials Research
368-373:1365-9, 2011. https://doi.org/10.4028/www.
scientific.net/AMR.368-373.1365.

[27] A. M. Halabian, M. H. El Naggar, B. J. Vickery.
Reliability analysis of wind response of flexibly
supported tall structures. The Structural Design of Tall
and Special Buildings 12(1):1-20, 2003.
https://doi.org/10.1002/tal.207.

[28] P. H. W. Prenninger, G. I. Schuëller. Reliability of
tall buildings under wind excitation: considering
coupled modes and soil-structure interaction.
Probabilistic Engineering Mechanics 4(1):19-31, 1989.
https://doi.org/10.1016/0266-8920(89)90004-0.

[29] M. Skowronek. Probabilistic sensitivity of limit states
of structures. The Monte Carlo simulation. Pamm
9(1):549-50, 2009.
https://doi.org/10.1002/pamm.200910247.

[30] W.-l. Jin. Reliability Assessment of Building
Structures under Typhoon Calamity. Journal of
Zhejiang University SCIENCE 1(1), 2000.
https://doi.org/10.1631/jzus.2000.0048.

[31] B. R. Ellingwood. Earthquake risk assessment of
building structures. Reliability Engineering & System
Safety 74(3):251-62, 2001.
https://doi.org/10.1016/s0951-8320(01)00105-3.

[32] J. Chen, Y. Chen, Y. Peng, et al. Stochastic
harmonic function based wind field simulation and
wind-induced reliability of super high-rise buildings.
Mechanical Systems and Signal Processing 133, 2019.
https://doi.org/10.1016/j.ymssp.2019.106264.

[33] I. Skrzypczak, M. Slowik, L. Buda-Ozóg. The
Application of Reliability Analysis in Engineering
Practice - Reinforced Concrete Foundation. Procedia
Engineering 193:144-51, 2017.
https://doi.org/10.1016/j.proeng.2017.06.197.

[34] T. Gernay, N. E. Khorasani, M. Garlock. Fire
Fragility Functions for Steel Frame Buildings:
Sensitivity Analysis and Reliability Framework. Fire
Technology 55(4):1175-210, 2018.
https://doi.org/10.1007/s10694-018-0764-5.

[35] A. K. Baiburin. Errors, Defects and Safety Control at
Construction Stage. Procedia Engineering 206:807-13,
2017.
https://doi.org/10.1016/j.proeng.2017.10.555.

[36] C. D. Eamon, E. Jensen. Reliability analysis of
reinforced concrete columns exposed to fire. Fire Safety
Journal 62:221-9, 2013.
https://doi.org/10.1016/j.firesaf.2013.10.002.

[37] B. R. Ellingwood. Acceptable risk bases for design of
structures. Progress in Structural Engineering and
Materials 3(2):170-9, 2001.
https://doi.org/10.1002/pse.78.

[38] D. Proske. Estimation of the Global Health Burden
of Structural Collapse. 18th International Probabilistic
Workshop. Lecture Notes in Civil Engineering. p. 327-40,
2021.
https://doi.org/10.1007/978-3-030-73616-3_24.

[39] A.W. Coburn, R.J.S. Spence, A. Pomonis. Factors
determining human casualty levels in earthquakes:
Mortality prediction in building collapse, Earthquake
Engineering, Tenth World Conference, Balkema,
Rotterdam, pp. 5989-5994, 1992.

[40] M.A. Ferreira, C.S. Oliveira. Discussion on human
losses from earthquake models, International Workshop
on Disaster Casualties, Cambridge, 15-16 June 2009,
pp. 9, 2009.

166

https://doi.org/10.1080/13632469.2018.1540372
https://doi.org/10.4236/ojer.2013.23005
https://doi.org/10.1061/(asce)0733-9445(1999)125:4(453)
https://doi.org/10.1061/(asce)0733-9445(1999)125:4(453)
https://doi.org/10.1016/j.proeng.2015.08.006
https://doi.org/10.1201/b15938-344
https://doi.org/10.1016/j.advengsoft.2007.03.015
https://doi.org/10.1016/j.advengsoft.2007.03.015
https://doi.org/10.4028/www.scientific.net/AMR.368-373.1365
https://doi.org/10.4028/www.scientific.net/AMR.368-373.1365
https://doi.org/10.1002/tal.207
https://doi.org/10.1016/0266-8920(89)90004-0
https://doi.org/10.1002/pamm.200910247
https://doi.org/10.1631/jzus.2000.0048
https://doi.org/10.1016/s0951-8320(01)00105-3
https://doi.org/10.1016/j.ymssp.2019.106264
https://doi.org/10.1016/j.proeng.2017.06.197
https://doi.org/10.1007/s10694-018-0764-5
https://doi.org/10.1016/j.proeng.2017.10.555
https://doi.org/10.1016/j.firesaf.2013.10.002
https://doi.org/10.1002/pse.78
https://doi.org/10.1007/978-3-030-73616-3_24

