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Abstract: A total of 225 building failures in the United States from 1989 to 2000 were recorded in this study. The result shows that
failures of low-rise buildings constitute about 63% of all cases, followed by multistory buildings as a distant second. In terms of their
functions, apartments are the most frequent to fail. External events and construction and maintenance deficiencies have been identified
the most frequent principal causes. External events include rain, wind, snow, vehicular impact, and collision. Construction deficiencies
encompass improper renovation, unplanned demolition, poor workmanship, and unsafe excavation operations. Maintenance deficienci
are associated with building deterioration that was overlooked and improperly maintained. A comparative analysis conducted between thi
study and two previous studies indicates an inclined trend of relative failure occurrences of low-rise and multistory buildings. The study
also suggests that, despite the recent enhancement of information technology, current sources of information are still incomplete. Th
creation of new complete databases, further improvement of information sources, and their dissemination through the Internet are deem
essential to prevent building failures from recurring.
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Introduction in recently published forensic-engineering-related bog@ksld
o ) _and Carper 1997; Ratay 20008till, only few studies on the

The number of new buildings being constructed each year contin-¢qjjection and analysis of building failures have been carried out
ues to grow. New facilities are continuously being added each i, ihe |ast decade.
year to meet public demands. Approximately 1.5 million new  pyamples of studies on integrated topics of failures are the
houses were built annually from 1996 to 2000; in the commercial gnajysis of 800 construction failures by Matousek and Schneider
section, about 70,000 buildings were built each year from 1990 t0 (197¢ and the survey of structural and construction failures in the
1995(U.S. Census Bureau 2001 o United States between 1975 and 1986 by Eldukair and Ayyub

Engineers have realized the importance of collecting informa- (1991). Furthermore, two studies were conducted at the Ohio
tion regarding failures of constructed facilities. Our study shows giate University for failures that took place between 1977 and
that many people are still reluctant to share failure information 1981 (Hadipriono 1985 and between 1982 and 1988adipriono
due to legal reasons and fear of ruining their reputation. Hence, 514 piaz 1988 In addition, the writers of this paper performed a

except for those published, not too many repositories of failed parallel study of recent bridge failures in the United St4ward-
buildings can be readily found. A failure center named AEPIC hana and Hadipriono 2003

(Architecture and Engineering Performance Centeas estab- The purpose of this paper is to continue earlier studies con-
lished in 1984 to gather failure cases of constructed facilities. gcted by the writers to examine failure of buildings in the United
Despite such an exemplary effort, due to funding problems and giates between 1989 and 2000. For this purpose, a database con-
lack of support, this center was closed after only a few years of tining general information about building failures was created in
service(Kaminetzky 1991 this study(Wardhana 2002 The information in the database is

Reports on individual cases of failures of constructed facilities qjjected mainly from the online newspaper collection database
can be found in engineering journals, magazines, and books. Theacademic Universe LexisNexié_exisNexis 2001, from engi-

American Society of Civil EngineersASCE Technical Council  neering journals and magazines suclEagineering News Record

on Forensic Engineering has sponsored a pair of meetiRgss andCivil Engineering from Internet resources, and from the writ-
1997; Rens et al. 200@iscussing issues in forensic engineering. ors’ own experience.

One paper presents a study of implementing a failure report sys- gy cojlecting data regarding building failures and then analyz-
tem as one of the strategies in preventing construction failuresng that data, this study is intended to serve as an informational
(Ortega 2000 Detailed explanation of failures can also be found p5sis that may be needed by engineering and construction profes-
sionals, especially, to achieve a better understanding about the

!Graduate Student, Ohio State Univ., Columbus, OH 43210. recent facts and trends of building failures.
Professor, Civil Engineering, Ohio State Univ., Columbus,
OH 43210.

Note. Discussion open until January 1, 2004. Separate discussion : -
must be submitted for individual papers. To extend the closing date bysl:allure Defined

one month, a written request must be filed with the ASCE Managing ' . . . . . .
Editor. The manuscript for this paper was submitted for review and pos- The first study by the writers, cited in the previous section, which

sible publication on March 12, 2002; approved on July 9, 2002 . This be_ca_me the foundation for this paper, discovered 65 cases of
paper is part of thlournal of Performance of Constructed Facilities ~ building failures that occurred between 1977 and 1981, while the
Vol. 17, No. 3, August 1, 2003. ©ASCE, ISSN 0887-3828/2003/3- second study retrieved 46 cases of building failures that took
151-158/$18.00. place between 1982 and 1988. These figures represent the number
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of much publicized and well-known failure cases that were col- that this process is vulnerable to discontinuity or loss of the origi-
lected rigorously yet manually, without the advantage of current nal design concepts. Therefore, deficiency in design detailing may
information technology, such as database availability and the In-be considered as a class by itself. It includes errors, mistakes,
ternet. In this paper, the writers have collected 225 cases of build-omissions, and discontinuity/loss of design concept. Construction
ing failures that occurred from 1989 to 2000. To present suffi- deficiency occurs as problems with workmanship and deviation of
ciently accurate figures of failed buildings in the United States, results from the specifications. Examples of such deficiencies are
classifying building types and defining the term “failure” is es- improper installation and inadequate temporary structure to sup-
sential. port the permanent structure. Examples of maintenance deficien-
Buildings come in various types and shapes, frequently deter- cies are corrosive and damaged components that take place during
mined by their functions. While there are multitudinous ways to postconstruction or the service life of the buildings.
classify buildings, for the purpose of this study, buildings are When construction components are precast or prefabricated,
categorized based on their shapes and functions. In this analysismaterial deficiency originated by the manufacturer may contribute
buildings having four or less stories are considered as low-rise; to building failures. Examples of such deficiencies are the use of
otherwise, they are regarded as multistory buildings. Each groupdefective and substandard materials. The first five deficiencies are
of these buildings is further classified based on their functions; those associated with problems having internal effects on the
examples include apartments, warehouses, and office buildingsstructure or its components. On the other hand, a building or its
The next category is buildings having a distinctive slender and components may also suffer from external effects, such as vehicle
tall shape, such as broadcast towers; these are classified as towersnpact or corrosive environment. The external causes included
Buildings with unique characteristics covering unusually wide are limited only to the events that are usually encountered in
areas, such as stadia and auditoria, are categorized as long-spatesign codes. Failures due to natural disasterg., excessive
buildings. Next, buildings with specific functions and shapes impacts from earthquakes, storms, flopdses, war, and terror-
serving as a plant or a factory were grouped separately as plantism are excluded in this study. In so doing, the writers intend to
industrial buildings. isolate causes that are related primarily to unintentional human-
Throughout this paper, the term failure refers to two condi- induced problems during the building process. Note that all these
tions, collapse and distress. Failure is defined as the incapacity ofdeficiencies may be correlated but such correlation may not be
a constructed facility(in this case, a buildingor its components  readily apparent; hence, in this study, only the most probable
to perform as specified in the design and construction require- principal cause was considered in each case.
ments. A building collapse occurs when the entire or a substantial ~ With respect to the effects on the building or its components,
part of a structure comes down, in which the structure loses thethese deficiencies may be categorized as enabling, triggering, and
ability to perform its function. Depending on the extent of the procedural causes. The enabling causes are those related to the
collapse, this term may be further classified into two categories, internal condition or performance of buildings or its components.
total collapse and partial collapse. A total collapse implies that Hence, the first five principal causésesign, detailing, construc-
several primary structural members have fallen down, practically tion, maintenance, and material-related problediscussed pre-
eliminating occupancy underneath it. Generally, a total collapse viously fall into the category of enabling causes. The triggering
requires full replacement of the building. A partial collapse sug- causes are external events that could initiate failure of a structure.
gests a condition where some of the primary structural membersThe procedural causes include management problems, legal is-
have fallen down—hence, endangering the lives of those inside orsues, contractual matters, and problems concerning the interrela-
nearby the structure. A partial replacement may be needed in thetionship between parties involved in a project. The latter causes
case of a partial collapse. The term distress refers to the unserare generally difficult to prove, because they are usually hidden
viceability of a structure or its componésgtthat may or may not and unpublished; however, their occurrence could promote the
result in a collapse. Moreover, distress is a particular condition of enabling and triggering causes.
the structure, which has undergone some deformations without
losing its entire structural integration. In this study, both collapse
and distress are assumed to be the subsets of failure. Results of Study

An important result of the study is the discussion of failure oc-
Causes of Failures Defined currences, which incorporates the categories, the types, and the

stages at which the buildings failed. In addition, the study reveals
The following terms are used in concert with those presented in 16 states where failures occurred most frequently. The next dis-
earlier studiesHadipriono 1985; Hadipriono and Diaz 1988 he cussions are associated with the principal causes and the more
principal causes of building failures are categorized as deficien- specific causes of these failures. Based on these results, a com-
cies in design, detailing, construction, maintenance, use of mate-parative analysis involving two previous studies is presented.
rials, and inadequate consideration of external events. The first
four deficiencies represent integral roles in the construction of a
building. Deficiency in design constitutes errors, mistakes, over-
sight, omission, or conceptual flaw that could have taken place The 225 recorded building failures within the 1989—2000 time
during the design process of the building. Detailing is a “transi- span in the United States are shown in Fig. 1, in which the num-
tion” process between design and construction periods, in which ber of failures are distributed with respect to the year the failures
the details of the structural design are prepared for their imple- occurred. The overall pattern of the graph depicted in Fig. 1 re-
mentation through shop drawings. Design detailing is commonly veals a trend of increasing number of failures despite the rela-
performed by the contractors and approved by the engineerstively stable growth of building population in the last five years
Changes are often made emphasizing on workability and con-(U.S. Census Bureau Housing Inventpryhe age of the failed
structibility of the facility. Previous studies cited herein revealed buildings ranges from one yedduring construction to 142

Failure Occurrences
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Table 1. Type and Number of Building Failures

50 4 15
P Building type Function Number of failures  Percentage
Y -4 Low-rise 141 63
g Lo 2 Apartment 22
% 2 s 10 T | I Vacant building 20
10 | | P | |m 1 1 Warehouse 18
E o ,_—| P [ S S S I S ) f S Store 14
- 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 Office 11
Commercial 8
Year
House 6
Fig. 1. Number of failed buildings distributed by year School 6
Garage 5
Church 4
years, with a mean value of 32 years, a median of six years and Hotel/motel 4
mode of one year. Not all observed cases came with age informa- Restaurant 4
tion; these central measures were obtained from 104 failure cases Other/unknown 19
(46%) where information on year built and failed was recorded. Mmultistory 31 14
Out of the 104 cases, 48 occurrendd$%) took place during Apartment 9
construction, which explains why the median value is much lower Office 5
than the mean value. For buildings that failed during their service Vacant building 4
life, these measures are somewhat different: the average age is 60 Hotel 3
years, with a median of 71 years and a mode of 30 years. Garage 1
The highest number of failures took place in 1928% of Other/unknown 9
total failureg, where most of the buildings that failed were low- Tower 7 3
rise buildings. In addition, about 20% of failures happened in year Broadcast tower 2
2000. Note that failures in the last three years of the observed Other 5
period (1988—-2000 represent an overwhelming 54% of the total Long-span 9 4
number of failures. Further analysis on the 1998 failure cases .
. . Stadium 5
reveals that about 42% of these failures took place in the state of L
. o . Auditorium 2
New York, approximately 70% of the buildings were low-rise,
. . . Pool roof 2
and several of them were 0{88% of cases with age information . .
. . N Plant-industrial 7 3
were older than 50 yearsFig. 2 shows failure distribution in the Plant 4
state of New York, which peaks in 1998. Almost 30% of these Oiliwater tank 5
accidents started with the failure of a wall element and 21% Clh'wa ertan 1
began with the collapse of the roof component. One half of these _ imney
failures occurred during the spring seag&ebruary—May. Al- ther 30 13
Total 225 100

most 21% of the failures at that year were attributed to rain.
Table 1 shows the number of failures based on the building

types and functions described earlier. Note that buildings that areqf 9g 9 million low-rise and 7.9 million multistory structures. The

not in use at the time of failure are identified as vacant buildings.
About 10% of the buildings cannot be identified as to which
group they should belong; thus, they are classified as “other.”
Notable among these failures are low-ri€8%) and multi-
story buildings(14%). In its Current Housing Reports, the U.S.
Census Bureau indicates 120.5 million total buildings, which con-
sists of 115.9 million housing units and 4.6 million commercial

bureau further reports a total of 78.3 million single-family dwell-
ing units. Despite the fact that these one- and two-story houses
(single-family dwelling$ represent the major population of build-
ings in the United States, the highest failure occurrences seemed
to plague low-rise buildings other than single-family dwellings.
From this category, failures of apartment buildingsultiple-
family dwellings are paramoun{22 occurrences, or 10% of total

buildings. Based on the number of stories, these buildings consisttajjyreg, followed by those of vacant building®0 occurrences,

25

20
20

9 8 9

: ﬂﬂ
5 2
11 1 | | ’
0 l:‘l_| 0 0 0 ‘r—l‘lzl‘ :
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Number of Buildings

Year

Fig. 2. Number of failed buildings in the state of New York distrib-
uted by year

or 9% of tota). Under the category of multistory buildings, the
number of apartment failures is also the highé&sine occur-
rences, or 4% of totalIn terms of their functions, total apartment
failures represent 31 occurrences or 14% of all observed failures.
Failures of all vacant buildings represent 11% of total observed
failures.

Failure occurrences in the categories of plant-industrial build-
ings, long-span structures, and towers are less significant as com-
pared with the low-rise and multistory buildings. Of particular
interest are collapses of stadia. For example, the five failure oc-
currences experienced by stadia represent 2% of the total failures.
However, due to the higher risk factor in occupancy, this figure
should not be ignored. Fortunately, most of these failures are
partial collapses during constructidfour partial roof collapses
and one beam collapse
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Table 2. Number of Failures with Respect to Stage of Failure Table 3. States, Ranked by Building Failure Frequency
Occurrences

Rank Name of states Number of failures Percentage of total failures

Types of failures Construction Service Unknown 1 New York 57 o5
Distresses 1 16 — 2 California 29 13
Partial collapses 35 126 — 3 Pennsylvania 16 7
Total collapses 11 35 — 4 New Jersey 10 4
Unknown — — 1 4 Wisconsin 10 4
Total a7 177 1 5 lllinois 9 4
5 Ohio 9 4
6 Georgia 8 4
Table 2 indicates the number of failure occurrences with re- / Texas - 7 3
spect to the type of failure@distress, partial collapse, or total 8 North Carolina 6 3
collapse by considering the time or stages at which failures took © Florida > 2
place, during construction or service life. The number of build- © Missouri 5 2
ings that failed during service life is almost four times that during 10 Louisiana 4 2
construction. This is expected, because with any constructed fa-10 ~ Massachusetts 4 2
cilities, at any point in time, the number of existing buildings 10 Tennessee 4 2
during service life is generally far greater than that during con- 10 Virginia 4 2

struction. Also, the duration of the buildings’ service life is much

longer than that of the construction of buildings. Furthermore

experience shows that, with time, additional loads are often addedrise commercial buildings and dwelling units in the past decade.

to buildings without strengthening them, and in some cases, theThjs growth is parallel to the explosive development of informa-

building’s function was altered without considering its capacity to jgn technology facilities in the Silicon Valley. For example, ac-

perform the new function. _ _ cording to the U.S. Census Bure&2001), with more than 12
Table 2 also shows an overwhelming number of partial col- mjjlion housing units, California has the largest number of hous-

lapses(161 occurrences, or 72% of totals compared with total  jng as compared with any other states in this country. Thus, while

collapses(46, or 20% of total and distresse€l7, 8% of total. number of failures in California is second in rank, its failure rate
This is expected, especially since, in order to reach a point wherejs presumably, low.

a total collapse occurs, a building must be flawed in both design
and construction. Also, a partial collapse usually takes place prior
to a total collapse; when partial collapse occurs, stresses are refrincipal Causes

distributed to other components that may arrest the partial col- causes of building failures are classified into six principal causes,
lapse from progressing into a total collapse. One possible expla-which include both enablingdesign, detailing, construction,
nation for the small number of distresses is that, when a structuremajintenance, and material-related problemand  triggering
experienced a distressed condition, it quickly underwent a repair(external-related eventsauses, as shown in Table 4.
and escaped from being reported. Thus, only notable and well-  Taple 4 also presents principal causes, which are distributed
documented distresses are found in this study. into the types of buildings. About 27% of the total failures are
The number of failures varies from state to state. The distribu- attriputable to external causes. These principal causes triggered
tion of building failures for the 16 states where the most failures the failures of 40(18% of total failurey low-rise buildings. The
took place is given in Table @anked from 1 to 1D The failures  remaining principal causdslesign, detailing, construction, main-
that took place in these 16 states represents 83% of the totakenance, and material deficiendie®nstitute 45% of all causes.
number of recorded failures. The rankings presented in this tableyile the external events are considered the triggering causes,
are based on the percentage of the total number of failures. Thethese latter deficiencies enable the building to fail; hence, they are
figures in the table reveal New York as the state with the highest termed the enabling causes. Among these causes, construction
number of failureg57 occurrences, or 25% of totalith Cali- and maintenance deficiencies took place most frequé¢d8yand

fornia trailing at a distant secon®9 occurrences, or 13% of 23 gccurrences, or 14 and 10% of total failures, respectively
total). A possible reason for the significant number of failures in

the state of New York is that it is one of the oldest states estab-
lished in this country, where old buildings currently exist in a

large number. Table 4. Number of Principal Causes of Failure with Respect to
Out of the 57 failures in New York, only 19 have age infor- Types of Buildings
mation (four failed during construction, four before reaching 50 Principal Low- Plant-  Long-
years, and 11 over 50 years pMtith a mean of 67 years and a causes rise  Multistory industrial span Towers Others
range between 1 yedfailed during constructionand 101 years .
. . -~ . Design 4 1 — 2 1 —
old. Hence, deterioration of these buildings may have contributed Detailing 5 - . _ _ -
to these failures. This suggestion is consistent with the specific )
. . . . . . Construction 34 18 2 1 2 6
causes of failures delineated in a later section. In California, sev- Maintenance 21 1 _ - _ 1
eral of the failed buildings are due mostly to external evémitse Material 2 B . 1 . B
events due to rain, impact force, and overlpadonstruction Ext | 40 ) 3 3 1 12
(seven occurrencgsand maintenance deficiencigéfive occur- Oxhema 38 9 ) ) 3 11
rences. A possible explanation for the high number of failures is  OMes
Total 141 31 7 9 7 30

the fact that California has been building a large number of low-
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Table 5. Number of Principal Causes of Failure with Respect to for 80% of all external events. A relationship can also be drawn
Phase of Occurrencés between the high frequency of these latter causes and failures due
to deterioration of the buildings. In addition to the above, human-

Principal causes Partial collapses Collapses Distresses | o . o

: induced external events, such as collision impact on buildings,
Design 7 - 1 contributed to the failures of eight building$% of total failures.
Detailing 2 - - Other significant causes identified in Table 6 are demolition
Construction 41 1 1 and renovation, which caused 13 and 14 failures, respectively.
Maintenance 18 4 1 Note that, while the purpose of demolition is to properly fail a
Material 3 — — building as planned, cases reported in this study are associated
External 48 12 1 with demolition that deviated from the intended plan and resulted
Others(NA) 42 19 3 in accidental collapses. Examples of demolition problems are ac-
Total 161 46 17 cidental impact of a dozer on a beam and inadequate shoring that
#0ne case is unknown. resulted in accidental collapse of the building. Renovation prob-

lems are exemplified by improper shoring, incorrect sequence of

The relationships between principal causes and failure typesIoad-bearing wall removal, and inappropriately stacked old roof

are presented in Table 5. Data given in Table 5 are consistent with®" Unsupported area. Other significant causes found during the
information presented in Tables 2 and 4. Here, too, partial col- observed period are the inadequate construction-related activities

lapses are observed to be the most frequent type of failures, withthat precipitated_ 35 failures. These issue_s_ are classified_as im-

external events as the primary cause. Furthermore, Table 5 dePrOPer construction procedur€k3 casejs activities or excavation

picted the principal causes under each type of failures. work on an adjacent buildingnine cases underground excava-
Numerous partial collapses are attributable to external events,ion (nine cases and falsework-related problentive cases

construction deficiencies, and maintenance problet@s41, and Improper construction procedures include poor workmanship

18 out of 161 occurrences, respectivelin the group represent- such as polt overload,. improper installation of walls, anql inad-
ing total collapses, the same principal causes are noticéable equate girder connections. Other than poor workmanship, con-

11, and four out of 46 occurrences, respectiyeiyhile in the struction accidents took place mainly in conjunction with the fail-

distresses group, construction deficiencies are signifidganbut ure of rope-supporting trusses, collapse of wall when braces were
of 17 occurrences removed, slippage of crane cable carrying concrete slab, and col-

lapse of concrete components during pouring. During the con-
struction of building foundations, excavation, and the impact of
other activities(e.g., excavation of an adjacent structure without
shoring and vibration of a faulty transformexere to blame for

Although the general category of deficiencies is described by the collapse of an adjacent building. Underground excavations
principal causes, more specific attributes are required to under-causing buildings to fail are exemplified by inappropriate deep
stand the reasons behind these failures so as to prevent the recufunnel digging. Examples of falsework-related problems are inad-
rence of similar cases. Therefore, specific causes are presented jgduate shoring causing a floor deck to collapse, failure of scaf-
Table 6 for each building category. fold, and improperly installed shoring system. These
The subtotal of these causes is furnished in column 8 of Table Construction-related deficiencies account for 16% of all observed

6. The figures disclose that deterioration, the most frequent Spe_failures._ Including demolition and renovatl_on, construction-
cific cause, accounts for over 10% of all failures during the ob- related issues represent .28% of the total falll'ures. Table 6 also
served period. This cause is associated with several recorded oldllustrates the overwhelming number of specific causes that fall
low-rise buildings that failed, especially in the eastern part of the Under the category of low-rise and multistory buildings.
country, which is populated by a relatively large number of old
buildings. Observation shows that deterioration was precipitated
by many factors, such as insects, leaking water, and improperTo discern potential trends in the causes of recent failures, the
maintenance or repair procedures. Several deteriorated structurewriters compared the results of this study with those obtained
were built in the late nineteenth or early twentieth century and from two previous analyse@Hadipriono 1985; Hadipriono and
failed when weather conditions changed. Diaz 1988. Note that this comparative study should be viewed in
Many collapses commenced with the failure of roof elements. light of its relative occurrences. This is especially true because the
Sometimes the reason behind a collapse is not readily apparentnumber of years investigated varies among the three studies and,
especially when the latest inspection showed the structure was inwhile the format and methods conducted for all studies are simi-
good condition. In 1994, for instance, no one suspected that thelar, the study presented in this pagére third study capitalizes
roof of one particular building would collapse. The insulation on the use of the Internet and databases that were not previously
material on the underside of the wood panel inside the roof en- available. For these reasons, the total number of failures in the
trapped moisture which, through time, developed wood decay andthird study is found to be relatively much greater than those of the
metal corrosion. Such deteriorated roof components were not vis-previous two(as can be seen in Table.7
ible and collapse of the roof building was considered, deceptively, =~ Among the three studies, low-rise buildings are consistently
as without warning. the most frequent structures that failed; however, causes of these
Although the term deterioration connotes a process that re-events vary. In the first study, causes of failures were associated
duces a building’s performance capacity, such a process couldwith design deficiencies of structural components of several
have been arrested had proper maintenance been instituted. Thuschool buildings. The prestressed concrete components experi-
failures due to deterioration are related to maintenance inad-enced long-term creep and shrinkage that had been overlooked in
equacy, one of the principal causes presented in Table 4. Table &he design process. In addition, construction deficiencies, such as
also shows that the contribution of rain, wind, and snow accounts inadequate inspection of bracing, connection, and members of

Specific Causes

Comparison of Three Surveyed Periods
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Table 6. Specific Causes of Failure

Principal cause Failure causes and events Low-rise Multistory Plant-industrial Long-span Towers Other Subtotal Percentage
Design Design errors 4 1 — 2 1 — 8 4
Detailing Detailing mistakes 2 — — — — — 2 1
Construction 34 18 2 1 2 6 63 28
Renovation 12 2 — — — — 14 6
Demolition 6 3 1 — 1 2 13 6
Construction procedure 7 2 — — 1 3 13 6
Excavation work on adjacent building 4 4 — — — 1 9 4
Underground excavation 2 6 — 1 — — 9 4
Falsework problems 3 1 1 — — — 5 2
Maintenance Deteriorate 21 1 — — — 1 23 10
Material Material problem 2 — — 1 — — 3 1
External 38 2 3 3 1 12 61 27
Rain 13 1 — 1 1 5 21 9
Wind 11 — 1 — — 4 16 7
Snow 7 — 2 2 — 1 12 5
Collision/hit by others 5 1 — — — 2 8 4
Overload 4 — — — — — 4 2
Other 38 9 2 2 3 11 65 29
Foundation settlement, collapse 2 — 1 — — — 3 1
Soil 1 — — — — 1 2 1
Other/unknown 35 9 1 2 3 10 60 27
Total 141 31 7 9 7 30 225 100

scaffolding, were identified as another frequent reason causingvice). For reasons elaborated in the previous section, collapses
these buildings to fail. In the second study, construction deficien- and distresses of all structures had invariably taken place during
cies such as falsework problems were to blame for several col-their service life. For service life collapses, the first and second
lapses of low-rise buildings. In the third stu@giso see Table)6 studies show 40 and 52% occurrences of their respective total
the principal causes of failures of low-rise buildings were external failures. In the third study, however, service life collapses reaches
(e.g., rain, wind, and snowconstructione.g., renovation, demo-  a pronounced 72%of total failures as compared with 20% con-
lition, excavation, and falsework problejnsaand maintenance-  struction collapses. Table 8 also shows distresses in all three stud-
related deficienciee.g., deterioration ies that are relatively insignificant as compared to collapses.
The next most frequently failed buildings vary among the Many distressed buildings were neither published nor reported;
studies; they are plant-industrial, long-span, and multistory build- and in some cases they remained unnoticed until collapse took
ings for the first, second, and third study, respectively. In the first place.
study, failures of plant-industrial facilities were associated with A comparison was also made with regard to the relation be-
explosions of coal-fired power plants and grain silos. In the sec- tween the principal causes and collapses or distresses among the
ond study, long-span buildings failed due to external evénts, three study periods. Table 9 shows that, in the first two studies,
snow loadgand construction and maintenance deficiencies. In the construction deficiencies were the most frequent cause of col-
third study, multistory buildings failed primarily due to various lapses(37 and 32% of respective total failupesvhile external
construction deficiencies, such as excavation impacts on adjacenevents contributed to a great number of collapses in the third
buildings and underground excavation. study (29% of tota). Note that external events also triggered nu-
A comparison of failure occurrences of the three studies is merous collapses in the first two studi€®’ and 30%, respec-
presented in Table 8. Failure types are divided into collapsestively). In the first study, distresses due to design deficiencies are
(total and partial collaps¢snd distresses, and each type is further dominant(40%), followed by construction(20%) and detailing
identified by the phase it occurréduring construction and ser-  problems(17%). In the second study, 44% of maintenance defi-

Table 7. Comparison of Failure Distribution with Respect to Type of

Building Failures Table 8. Comparison of Failure Distribution with Respect to Stage of
1977-1981  1982-1988  1989-2000 Occurrence

Types of buildings number(%) number(%) number(%) 1977-1981 1982-1988 1989—2000

Low-rise 57 (54) 20 (43) 141 (63) Type/stage of failures number(%) number(%) number(%)

Multistory 13 (13 4 (9 31 (14 Collapses during construction a4 13 (29 46 (20

Plant-industrial 21(20) 4 (9 7 (3 Collapses during service 2610 24 (52 161 (72)

Long-span 14(13) 11 (249 9 (4) Distresses during construction @4 — 1

Towers — 7(15) 7 (3) Distresses during service 2B2) 9 (20 16 (7)

Other — — 30(13 Unknown — — 1

Total 105 (100 46 (100 225 (100 Total 65 (100 46 (100 225 (100
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Table 9. Comparison of Principal Causes of Building Failidres

Collapse Distress
1977-1981 1982-1988 1989-2000 1977-1981 1982-1988 1989-2000

Principal causes number(%) numbe(%) numbe(%) numbe(%) number(%) numbe(%)
Design 14(23) 5 (14) 7 (3 12 (40) 1 (11 1 (6)
Detailing 6 (10) 5 (14) 2 (1 5 (17) 1 (11 —
Construction 22 (37) 12 (32 52 (25) 6 (20) 2 (22 11 (65)
Maintenance 1(2) — 22 (11) 13 4 (44) 1(6)
Material 1(2 — 3 () 2 (7) — —
External 16 (27) 11 (30) 60 (29 4 (13 — 1(6)
Others (NA) — 4 (11 61 (29 — 1 (1D 3 (19
Total 60 (100 37 (100 207 (100 30 (100 9 (100 17 (100

a0ne case is unknown.

ciencies contributed to distresses. In the third study, the majority most frequent principal causes, followed by maintenance defi-
of distresses were the consequence of construction-related deficiencies as a distant third. These causes contributed to the failures
ciencies(65%). of low-rise and multistory buildings. Under the category of con-
In sum, based on relative number of failure occurrences, the struction deficiencies, more specific causes, such as improper
comparative study displays a seemingly increasing trend of fail- renovation, unplanned demolition, poor workmanship, and unsafe
ures of low-rise and multistory buildings. Conversely, other types excavation operations were identified. External events include
of buildings exhibit a decreasing trend in their relative failure rain, wind, and snow that precipitated building collapses. While
occurrences. A similar pattern of increasing trend seems to take, i re was often blamed for these accidents, weather-related

shape for relative. occurrences of ser\{ice life_collapses, being loads are covered in numerous building codes; nevertheless, fail-
most pronounced in the latest study. With respect to the relative ures still occurred even when the magnitude of natural forces

occurrences of principal causes, external events form a stron . . -
ices of p P o ) ONyere below the allowables. Human-induced vehicular impacts
upward inclination while other principal causes declined consid- oy
and collisions were also found under the category of external

erably.
y events.
The next most frequent problem deserving mention is the pro-
Summary and Conclusions cess of deterioration that plagued several buildings but was over-

looked and, eventually, caused structures to fail. The study reveals

Buildings do fail. Several toppled due to natural forces, many that problems associated with building envelopes, such as roofs,
others collapsed on account of our negligence, and numerousvalls, and facades, occurred because of lack of maintenance.
more failed due to combinations of both. Some fell down because Moreover, various collapses commenced with certain distress
of old age, others broke down prematurely. Numerous published conditions such as cracks and other visible deformations that were
papers and detailed investigative reports have elaborated roonoticeable by the building occupants. Although in the long run
causes of these accidents and thus contributed to a better way obuildings deteriorate, by proper maintenance, the process of de-
perceiving the mechanism of building failures. While these efforts terioration can be arrested. Unfortunately, as was the case with
should resume, studies incorporating trends and patterns of occurseveral buildings investigated in this study, efforts made to rem-
rences and causes of failures complement investigative cases angdy these conditions were not done properly and resulted in much
are thus essential for design and construction professionals toworse conditions beyond repair.
minimize the recurrence of failures. This paper presents the re-  Another pernicious impact of building failures is the harm
sults of such studies. . o _ they can bring to the occupants. The 225 failures investigated
The findings of 225 failure cases of various buildings investi- i, this study killed 97 people and injured 460 others. The highest

gated in this paper disclose an overall pattern of an increasing, mper of casualties took place when a disaster struck during a
number of failures. An average of 32 years of service life was public gathering. This is exemplified by cases involving the

found when failures during construction are included; however, grandstand of a circus that failed, injuring 44 people, and the

by. isolating service life failures, the §tudy reveals.a more san- balcony on which a party was held that collapsed, afflicting an-
guine average of 60 years of service life, almost twice as long aS Jiner 30

the former. This pattern suggests that construction failures play a . .
dominant role in changing failure trends. Of primary interest is A comparatlve s_tudy perfo_rmed among three survey periods
the increasing trend in the last years of the study period which s.ubstantlates.the rlse.of. relative occurrences Qf fallures.of .Iow-
culminates in the year 1998, when a large number of low-rise M€ f'in_d multistory b_undln_gs. Notlce_that, _at this stage, findings
buildings failed. Failures in the last 3 years of the observed period &€ limited to the delineation of relative failure occurrences. Ob-
constitute over half of the total number of failures, attributable to f@ining the rate of failures of the various types of buildings in the
the numerous deteriorated buildings, especially in the eastern partnited States is still impracticable. Despite the enhancement in
of the country where old buildings are commonplace. In terms of information technology in the past decade, still very limited da-
their functions, failure of apartment buildings took the highest tabases currently exist. During the course of this study, the writers
toll. observed that, for many of those in existence, the databases and
Consistent with the phase at which failures occurred, the study other sources of information were sketchy and incomplete. For
reveals construction deficiencies and external events as the twadnstance, several cases investigated in this study lack information
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as fundamental as the type and age of the failed buildings, ren-

dering such information nugatory.

and structural failures in the United State&dren. Eng.,1(4), 227—
232.

Consequently, this study also suggests the creation and mainKaminetzky, D.(1991. Design and construction failures: lessons from
tenance of new databases and the improvement of current ones. forensic investigationsMcGraw-Hill, New York.

These sources of information are rendered useful if they are open
to public and disseminated through the Internet. In addition, a
concerted effort to build a Web-based repository may serve as a
means to reduce the recurrence of future failures. Finally, this
research leads to the need to uncover the procedural causes frorg,
which the enabling and triggering causes often originate. These

L exisNexis. (2002. “LexisNexis Academic Universe.” (http://
www.lexisnexis.com/academic/univeygdan. 1, 2002

Matousek, M., and Schneiddd977). “Untersuchungen zur struktur des

Siecherheitsproblems bei BauwerkeRép. No. 59Institute of Struc-

tural Engineering, Swiss Federal Institute of Technology, Zurich.

ega, 1.(2000. “The Incident Reporting SystemdRS).” Forensic

Engineering: Proc., 2nd CongresaSCE, Reston, Va., 132-141.

procedural causes can be obtained from legal records and insurratay, R. T(2000. Forensic structural engineering handbqd4cGraw-
ance claims. Efforts associated with finding these causes may Hill, New York.

become an extension of this study.
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