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Dams are essential for flood protection, water resources management, energy
generation and storage and food production. However, the consequences
of their failure canbe catastrophic, as demonstrated by recent examples.

Here this study revisits dam failures worldwide since 1900, analysing key
factors driving the failurerisk, profiling current dam safety and providing
anoutlook to the near future. Similar to previous analyses (1970s t0 2010s),
we observe a strong infant mortality, which remains especially important

for the development of new embankment dams, while recent concrete dams
have become moreresilient. In contrast, hazard signals related to ageing
remainyet less apparent, contrary to common belief. Nevertheless, given
their abundance, we expect decades-old damsto be prevalentin future failure
statistics—especially forembankment dams of height between15and 70 m
builtin the second half of the last century. This highlights the relevance of
investments in monitoring, maintenance and uprating, which, ifignored,
couldbecome asubstantial liability and a major vulnerability, especially in

the context of increased flooding frequency. We uncover a trend of increased
failure rates of newly constructed damsin low-income regions, which coincides
with areas where a substantial hydropower potential remains untapped.
Thisis especially intensified in monsoon-dominated climates, whereas the
pattern of construction and failures is more homogeneous across other major
climatic regions. Our statistical analysis suggests that 23 (95% confidence
interval14-33) large dam failures are to be expected worldwide in the near
future (2023-2035), with currently ~4.4% of large dams having a probability

of failure larger than 1/10,000. Contrarily, 85% of large dams are at least twice
as safeas this threshold, commonly embraced in policy. These findings can
support the targeted allocation of limited resources for the future-proofing of
infrastructure, thereby contributing to water, food and energy security.

Dams and reservoirs have facilitated settlements and growth of
civilizations for over 5,000 years'* and remain a key actor in water,
food and energy security’°. By modulating the natural flow of
watercourses’, large dams provide storage and attenuate the tem-
poral variability of water resources, therefore acting as catalysts for
development*®. Furthermore, hydropower constitutes amajor part
of the world’s installed renewable energy capacity’, emerging as an
essential component for the energy transition'. This is true both

in terms of flexible energy production and large-scale energy stor-
age capacity. Despite the remaining untapped potential for hydro-
power in Asia Pacific (39% of total), South America (25%) and Africa
(24%)" as well as selected deglaciating basins', the construction of
new dams is fraught with controversy®”, Challenges arise from
impacts on the environment, ecosystems'*° and livelihoods* > as
well as conflicts in transboundary basins****, among other serious
considerations.
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Dams also offer flood protection against extreme hydrological
events®* %, but at the same time can create new hazards. Should a
catastrophic dam failure occur, it can lead to substantial loss of life
and financial losses in downstream communities®°. In cases where
insufficient warning is given before the dam failure, up to 1/10 of the
downstream population could be directly endangered®. Timely alerts,
ontheother hand, have been estimated to considerably mitigate this
risk, potentially reducing this fraction downto1/100 or evento1/5,000
(ref.31). Giventhe implications that adam failure can have onsociety,
efforts by the International Commission on Large Dams (ICOLD) and
national dam safety authorities since the middle of the past century
have led to design guidelines targeting annual probabilities of failure
0f 1/10,000 for high-hazard dams®* ¢, Nevertheless, these efforts
may now be challenged by altered hydrologic forcing®* and limited
resources*? ™,

At present, the global landscape features tens of thousands of
dams™**, developed under different design and safety guidelines*>*$,
andsubject to varying operational, monitoring and maintenance stand-
ards®. This vast number of dams naturally places a financial burdenon
administrative bodies tasked with their oversight*®*'. Hence, efforts
toidentify highest hazard dams canbe crucial to optimize dam safety
investments within budget constraints and avoid major catastrophes
suchastherecentdamfailuresinthe Dernaregion of Libya (September
2023), which caused several thousand casualties™.

In this study, we evaluate historical large-dam failure reports
and latest dam inventories* to conduct a statistical, multiparameter
survival analysis. This allows us to draw a dam safety profile for large
dams, where correlations are decoupled to independently study key
variables and their interplay. We adhere to the ICOLD’s definition of
damfailure as “anuncontrolled release of water or structural damage”.
Our analysis demonstrates the nonstationarity of the failure prob-
ability of large dams. Additionally, we categorize dam developments
and failures by major climatic regions and discuss the underlying
causes of damfailure, thereby enabling better insightsinto the climate
susceptibility of recent failures. This analysis reveals the effect of
different factors defining dam safety, which is relevant for the prior-
itization of future investments in large dams that frequently operate
under budget-constrained decision-making scenarios*"*and changing
hydrological regimes®?%*7°3%,

51,52

Large dam failure inventories and survival analysis
Approximately 62,000 large dams are catalogued by the ICOLD* in
their World Register of Dams (WRD, version March 2023), invento-
ried over decades™ through ajoint effort with local dam experts and
authorities. This dataset offers insights into the historical evolution
of dam construction and dam characteristics (Supplementary Fig. 1).
In many countries, dam construction activity experienced a notable
increase during the1960s (Fig. 1c-f). Some high-profile failures led to
socialunrest, forinstance, the Malpasset dam (1959) or the Teton dam
failure (1976). Catastrophic events of this nature triggered joint efforts
to understand and mitigate such failures. As part of that, since the
middle of the last century, a few databases on dam failures have been
compiled®*>*">°, with the ICOLD* (up to 2018) being the most up to
date and exhaustive. These databases have helped policymakers and
damstakeholders toidentify criticalimprovement needs, leadingtoa
generaladvancement of damsafety at global scale. In thisinvestigation,
we additionally update the ICOLD’s large dam failure compilation with
reports from 2018 to 2024.

Our reassessment of both datasets (the WRD and the ICOLD Inci-
dent Database)*! reveals that the bulk historical failure rate varies
widely across countries (Fig. 1a). In some countries, an unusual failure
rate can be attributed to the stochastic nature of the events and the
limited number of large dams within their borders (Fig. 1b). Conversely,
other countries with a long investment in dam safety exhibit failure
rates ranging between 0.2% and 1.5% (over the full dam life cycle).

A singular case is that of China, for which the number of historical
failures reported remains an order of magnitude below other coun-
tries with similar dam construction history. Following the ICOLD*, we
exclude Chinese dams from the statistical failure analysis to avoid bias
duetothelCOLD’s historical records potentially remaining incomplete
in thisregion.

Several key characteristics included in the ICOLD’s datasets*
canbe used for further analysis, such as the year of construction, dam
typeand dam height, as well as other factors such as the owning coun-
try’s gross domestic product (GDP), which serves as an indicator of
available resources for dam safety investment. However, two crucial
factors must be considered inthe analysis: the characteristics of dams
have evolved over time (Supplementary Fig. 1), and the failure records
constitute aright-censored type observations (thatis, itis only known if
adam hasfailed untilits age at the last update of the ICOLD’s database,
but nothing prevents the asset from failing in the future). Formally
addressing these factors, we carried out a statistical survival analy-
sis with all dams built between 1900 and 2022, representing 33,886
structures and 246 failures. Additionally, all large dams are classified
according to major climatic regions to gain insights into present-day
climate-dependent dam failures, which could be influenced by distinct
hydrological signatures.

Thefitted survivalmodel yielded an estimated mean annual prob-
ability of failure for large-dams of 0.31 x 10~ * for the year 2024, with
95% of dams ranging from 0.11 x 10™* t0 1.28 x 10~* (Methods and
Supplementary Table1). In the following sections we detail key insights
derived from this analysis.

Significant dam safety improvementsin the late
twentieth century
The probability of failure hasimproved significantly during the twen-
tieth century (Fig. 2b), achieving areductionin failure rate of 30% per
decade on average terms since the early 1900 (estimated hazard ratio
(HR) of 0.969, 95% confidence interval (CI) 0.965-0.977, P< 0.005;
Fig.2b,c and Supplementary Table 1). This positive temporal trend in
dam safetyis probably driven by advancementsintechnology and the
strengthening of safety regulations, both catalysed by catastrophic
events that triggered public concern and professional vigilance. This
isoftenregarded as ‘lessons learnt’in dam engineering, which has seek
explaining the mechanics of the failure to avoid themin future projects.
Some dam failure modes are intrinsically linked to the dam con-
structiontype, which can be generally classified as either embankment
(rock or earth filled) or concrete/rigid (gravity concrete, masonry,
arch or buttress dams), as determined by their primary construction
materials and typology?’®. For embankment dams, failure is frequently
related to internal erosion or overtopping damage’*>°°. These fail-
ures may arise from internal defects that lead to leakage, insufficient
discharge capacity or operational errors. Another type of failure can
stem from structural or foundational failure, such as those induced by
anearthquake or constructive errors. Inembankment dams, the most
common failure modes (overtopping or piping) involve progressive
erosion, starting slow and gradually accelerating as the flow erodes
the dambody. The exception would be arapid slope stability failure or
liquefaction, which is more common on tailing dams. Concrete dams
show a more ‘rigid’ behaviour, with structural collapses being closer
toinstantaneous, thereby abruptly releasing sudden ‘water-walls’.
Thesurvival analysis verifies that embankment dams remain more
prone to fail, exhibiting an estimated 2.31 times higher rate of failure
than concrete dams"* historically (estimated HR 0f 2.31,95% C11.65-
3.23,P<0.005; Supplementary Table 1, Cox proportional hazard (CPH)
model). We show, however, that this difference is more pronounced
in the first years of operation (Supplementary Fig. 2a) and has also
evolved over time (Supplementary Fig. 2). The ICOLD* illustrates in
their Figure 10-2 that failures due to internal erosion and structural
damage steadily declined since 1975. This trend is probably attributable
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Fig.1| Overview of historical dam failures 1900-2024. a,b, The estimated failure rate (per thousandth) (a) and total number of dams constructed (b). c-f, The
temporal evolution of dam construction (bin width of 1 year), based on the WRD* (black) and failure reports of the ICOLD"' (blue) for the USA (c), Spain (d), India (e)

andJapan (f).

toimproved construction methods and design techniques, whichare
characteristic developments that occurred in the second half of the
past century®’. Such improvements can also be linked to safer design
standards or operation of the dam. Instances of overtopping failures
have shown asustained decrease until the end of the previous century
for embankment dams and nearly disappeared for concrete dams.
Failures caused by other factors such as earthquakes were rare, and
human hostile actions leading to dam breaks were confined to the first
half of the twentieth century.

Potential reversal of dam safety during the
twenty-first century

Contemporary dam failures have sparked international distress, such
asinLaos® (2018), Vietnam’s Da Dang dam failure (2014) and Wadi
Dernain Libya®? (2023). After a long hiatus, dams and human hostile
actions have been again brought to public attention in the recent war
in Ukraine® (for example, the destruction of Kakhovka dam in 2023).
The convergence of these international events as well as some notable
dam incidents over the recent years has rekindled discussions on the
potential hazards associated with dams®,

Figure 2b,c offers insights into the evolution of survival curves
dependent ontheyear of construction. This variableis linked to differ-
encesinregulatory frameworks*, availability of technical knowledge*®
or even to periods of economic development for certain geographic
locations, which can explainimprovements or declines in dam failure
rates. Changes in the distribution of dam construction also present
ashiftin these dynamics. For instance, Schleiss® highlights how dam

construction hasintensified during the past two decadesinabelt that
extends from Southern Europe over to the Middle East and Central and
East Asia, with further meridional extensions in South America and
Africa. These regions essentially match areas with more hydropower
growth potential” or greater water storage needs.

The examination of different scenarios suggests a surge in dam
hazard when considering dams constructed, specifically in the past
decade (Fig. 2c). While the reasons for failures several decades ago were
expected to be majorly related to incomplete technical knowledge®,
this cannot currently hold true as evidenced by the dam safety improve-
ments and reduced failure rates up to the 2000s (Fig. 2c). This new
dam safety scenario raises questions about what caused the stabili-
zation and subsequent potential reversal of dam failure rates at pre-
sent. Another interesting aspect is that, whereas overtopping failures
decreased throughout the last century, we now observe that this trend
hasreversed over the past two decades (Supplementary Fig. 6a). Over-
topping, majorly linked to flooding context, hasin this period become
twice-to-thrice more prevalent.

Construction era, infant mortality and ageing
effects

The survival curves for large dams (Supplementary Fig. 2a) show
that during the first 5 years after construction, the failure probabi-
lity is notably larger and it stabilizes afterwards. Early studies such as
refs. 35,59 already identified this early peak in risk of dam failure in
the 1970s-1980s, and the ICOLD data’***in 1995 and 2019 confirmed
this trend. This pattern of early stage failure is common to various
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Fig. 2| Effect of different factors on the dam survival probability. a,b, The
partial effect of covariates dam type (a) and year of construction (b), in the
survival model, CPHs (discontinuous line) and Weibull AFT (continuous

line) (Methods). ¢, Acomparison of anonlinear effect of the variable year of
construction (when using the dataset between 1900 and 2010 in black and
1900 and 2022 in blue) versus proportional effect (red). d,e, The partial effect

of covariates GDPppp (d) and dam height (e) in the survival model, CPHs
(discontinuous line) and Weibull AFT (continuous line). f, Acomparison of a
nonlinear effect of the variable dam height. The lines represent the mean value
and shades indicate the 50% and 95% Cl of estimates, respectively,incand f
computed by bootstrapping the dataset, discarding 30% of the observations
during 500 replicates.

engineering systems and is widely known as infant mortality®*. This
dynamic of failure corresponds to new engineering products®, rein-
forcing the concept of each dam as aunique engineering product**. The
criticalmoment is often identified as the first reservoir filling*, when
latent defects may suddenly emerge. A contemporary example of infant
mortality is the catastrophic dam failure in the Mekong Basin of Laos® in
2018. Our analysis of alldams built since 1900 reveals that the cumula-
tive failure probability during the first 5 yearsis only matched over the
next 55 years for embankment dams and 45 years for concrete dams
(Fig.2a).Supplementary Fig. 2b-d shows the estimated survival curves
by damtype stratified by construction periods (1900-1940,1940-1980
and1980-2020). These show the steady reductionin ‘infant mortality’
over time, revealing that modern concrete dams have become increas-
ingly resilient to this mechanism.

Both scientific and general literature frequently pinpoint age-
ing infrastructure as a particular vulnerability of legacy engineering
systems™, reviving widespread international concerns about dams.
During the ageing of dams, and especially after the 50-year mark,
several factors have been raised as potentially increasing the risk of
failure®, including material degradation® and the mechanical wear-off
for components such as gates, which require regular maintenance
that is generally expected to become more expensive over time®>*°,
Conversely, ageing can be mitigated through diligent maintenance
and monitoring, which are both essential elements of comprehensive
safety protocols®. Given the constrained resources available for dam
safety and therelative proportion of older dams—specifically, 53% over
50 years old, 16% over 70 years old and 7% over 100 years old from all
entries of the WRDs in 2024—any information on the changing hazards

related to dam ageing is crucially important to understand how these
opposing factors affect the fate of ageing water infrastructure.

This analysis (Fig. 2b and Supplementary Fig. 2) reveals a con-
sistently stable HR following the initial infant mortality phase, with
no evidence so far of an accelerated failure rate due to ageing; that
is, no wear-off phase as dams get older®, at least within the current
observational horizon. Despite these positive trends, the prevalence
of decades-old dams constructed worldwide suggests that they will
continue to dominate future dam failure statistics due to their large
numbers. Although thereis no apparentincreaseinindividual hazard
withadvancingage (Supplementary Fig.2), itis crucial to recognize that
dams constructed in different decades exhibit varied ageing profiles
(Fig. 2b). Essentially, older dams may not become more hazardous
thanthey were, but they just continue to belong to a period of different
constructive technology and design standards.

Increasing risk with increasing dam height (up to
100 m)
We explored the relationship between failure probability and dam
height (Supplementary Table 1), uncovering a consistentrise in failure
rates fordamsranging from15to70-100 min height (HR 0f1.008, 95%
CI11.003-1.013,P < 0.005). Onaverage,adam of 30 m height would be
exposed to 10% and 20% lower failure rate than a dam of 45 or 60 m,
respectively. Beyond the 100 m mark, the failure rate may stabilize or
even decrease, although the limited sample size does not allow for
conclusions without high uncertainty (Fig. 2f).

Thistrend is relevant, as risk encompasses both the likelihood of

failure and the potential severity of consequences®?*’, whichincreases
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withthe damsize. Consequently, for dams within the 15-100 mrange,
not only is the potential for extensive flooding due to dam breaks
greater with increasing height, but so too is the probability of such
failures occurring. Previous analyses may have underestimated the
risk associated with height by not decoupling the opposing effects of
two correlated variables: the increasing height and the more recent
design and construction era up to 2000, which saw the construction
of both generally safer but also larger dams (Supplementary Fig.1g,h).

Regional variability in dam safety and investment
capacity

An examination of dam failure rates worldwide reveals a geographi-
cal distribution that has shifted over decades. We classify the dam
construction and failure records into three major climatic regions
(Methods, Supplementary Table 2and Supplementary Fig. 5): (1) tropi-
caland monsoon, (2) arid and semi-arid (including desert) and (3) mild
temperate. This grouping reveals that historical failure rates by climate
category are comparatively similar, in general terms (Table 1). Amore
complete examination of the data can be carried out by crossing cli-
maticregions and the purchasing power parity gross domestic product
(GDPppp, asreported for 2018). The latter is here considered as a proxy
for theresources that countries have available to investin construction,
inspection and monitoring, and potentially upgrading to adaptto lat-
est hydrological scenarios. This is also relevant since lower economic
resources have been linked to increased flood mortality®®, and dam
break waves represent the most extreme case of flooding.

Our analysis (Fig. 2d) highlights that areductionin GDP is associ-
ated withanincrease in the failure probability of dams (HR of 0.99, 95%
C10.984-0.997, P< 0.005; Supplementary Table 1). Specifically, an
increase of USD10,000 in GDPppp is associated with approximately
a10% reduction in the failure rate. Furthermore, the increase of dam
hazard in low-GDP regions seems accentuated in tropical and mon-
soon areas (cf. Fig. 3). Wealthier states may be better positioned to
invest more in dam safety, without compromising investmentsin other
public expenditures that may appear more socially and politically
urgent. This is especially critical because strict dam safety protocols
and their implementation, together with necessary future-proofing
schemes, are the key factors that can counter changesin the late ageing
mortality of dams. With increased frequency of extreme rainfall and
floods****~"%, outlet works may be required to operate more often and
surveillance frequency should become more relevant to mitigate any
adverse change in dam safety.

A more complex dynamicis disentangled when analysing the GDP
in the context of the year of construction. It can be observed that in
high-GDP countries peaks of failure occurred decades before the peaks
of construction (Fig.3a,b), hence raising publicawareness and leading
to the development and consolidation of dam safety standards; that
is, lessons learnt from past mistakes”. This, together with the infant
mortality phenomenon®* for recently developed dams, and the fact
that the dam construction activity has sharply declined in countries
with a long-standing dam-building tradition and has shifted to coun-
tries undergoing rapid development®, where dam failures may have
not transferred into stricter protocols, has probably contributed to
the aforementioned dam failure rate increase. Capacity building and
the transposition of safety practises®** and regulatory frameworks™
from regions with a mature dam safety implementation—built upon
numerous dam failures in the past century’>—as well as transposition
fromrecentlocal experiences, could contribute toincrease damsafety.

Links to spatial variability and temporal changes
of climate

Duringthe past decades, the number of failures due to construction and
material defects has consistently declined. Nevertheless, we observe
more flood-driven failures, thus overshadowing reductions in any
other failure context (Supplementary Fig. 6). To further discuss these

hydrology-dependent circumstances, we consider two hypotheses:
(1) newly built dams are commonly developed in regions with climatic
conditions that differ from the hydrologic signature facing older dams
(spatial variability) and (2) climate change-induced variability, which
may be challenging existing rigid designs that only contemplated past
predictions for extreme weather events (nonstationarity).

Regarding the first hypothesis, our analysis (Fig. 3) shows that
historical failure rates remained similar in most climatic areas (Table1)
when considering all dams built after 1900s (failure rate in tropical
and monsoon: 0.70%, 95% C10.57-0.84; mild temperate: 0.92%, 95% Cl
0.73-1.13; and arid and semi-arid: 0.61%, 95% C1 0.45-0.78). Addition-
ally, thereisaconsistent reduction of the failure rates inmild-temperate
andarid climates from the 1970s onwards. This reduction has not been
matched within the tropicaland monsoon climate (Table 1and Supple-
mentary Fig.7), where the failure rate has not reduced for dams builtin
the past two decades (0.51%, 95% C10.20-0.85), mostly attributable to
failures in low-mid GDP regions (0.90%, 95% C10.33-1.58 for GDPppp
<12kUSD versus 0.18%, 95% CI 0-0.47 for GDPppp >12kUSD). This
is consistent with the transfer of failures from higher to lower-GDP
regionsseeninrecent decades (Fig.3a,b).

Concerning hypothesis 2, literature substantiates an increase
in the frequency of precipitation extremes globally*”*%, which might
resultinmore frequent exposure of dams to large floods. The type and
context of failures observed in the past two decades are connected to
flooding and overtopping events, as shown in Supplementary Fig. 7,
which is extending into the period 2020-2024. Although we cannot
statistically confirm a connection to variability of climate in this study;
further investigation is reccommended. Current estimates identify
between 5% and 7% increase in the most extreme precipitations (on
average terms) for every degree of warming”, inline with the Clausius-
Clapeyron relationship’. This precipitation increase could lead to an
increase in flooding of up to 10%, based on 1:30 return period floods,
for ref. 75, although this is sometimes attenuated by catchment con-
ditions””. In view of these climatic projections, dams not undergoing
regular hydrological safety reassessment could contribute to increas-
ing hazard above our predictions.

Special attention may be needed to account for the intensi-
fied monsoon/cyclone dominated rainfall’®, for instance, due to the
increasing atmospheric moisture in the Indian Ocean’ or in Mediter-
ranean regions®*2, This is more important when also coupled with
low-GDP circumstances, as evidenced by our analysis. An additional
climatic factorto consideris that most glaciers are expected toretreat
(monsoon-Himalayan®® and tropical-Andean®, for instance, but gen-
erally upheld worldwide®*¢), which will produce notable changes in
seasonal reservoirs inflows over the next decades, thereby posing chal-
lengesinthe annual management of reservoirs. An associated risk are
theglacier lake outburst floods, which are expected toincreasein the
high-mountain Asian region over the coming decades, associated toa
45-55% volume increase of ice-dammed lakes by 2080%. Our analysis is
not able to identify future changes in dam safety due to this phenom-
ena, but local, detailed, specialized climate analyses combined with
actual dam characteristics, such as those of Fluixa-SanMartin et al.”,
can be crucial for dams subject to varying hydroclimatic forcing.

A critical combination for dam safety

We used thefitted survival model (Weibull accelerated failure time (AFT);
Methods and Supplementary Table1) to estimate failure probability for
the dams’ dataset reported in the WRD of ICOLD*, including all large
damsbuiltbetween1900 and 2022. To identify risk groups and their main
characteristics, we selected dams with an estimated failure probability
higher than 1/10,000in 2023 (N =2,389 dams). These higher-hazard
dams were clustered through a k-means model (Supplementary Fig. 5)
toreveal four groups and their distinct features: (1) embankment dams
of moderate-large heights (10-80 m), built in the previous 10 years in
regions of low-mid GDP (N =1,178), (2) embankment dams across all GDP
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Table 1| Estimated failures per climate region in the period 2023-2035 (neglecting new construction beyond 2023), along

with statistics per climate region

Climate region Expected Totaldamsin Historical Failure ratio Failure ratio Failure ratio (built Dams constructed in the
failures2023-  theinventory failures (built after (built after after 2000, mean %, period 2000-2023 (of
2035 (mean, (1900-2022)* (1900-2022)° 1900, mean%, 1970, mean%, 95% Cl)® which in countries with
95% Cl) 95%Cl)* 95% CI)* GDPppp <USD12k)*
Mild temperate 4(0-8) 8,991 84 0.92(0.73-113) 0.34 (No failures) 1,192 (27)
(017-0.53)
Tropical and 10 (4-17) 14,209 101 0.70 0.38 0.51(0.20-0.85) 2,567 (892)
monsoon (0.57-0.84) (0.25-0.52)
Arid and semi-arid 6 (2-11) 8,393 52 0.61(0.45-0.78) 0.27 0.25 (0.05-0.49) 2,343 (469)
(015-0.42)
2Excluding Chinese dams.
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Fig. 3| Climate zones, large-dam development and GDPppp as in 2018. a, A two-
dimensional kernel-density plot of the dams constructed in the climate zones of
tropical and monsoon, arid and semi-arid, and mild temperate (Supplementary
Table 2) for dams built between1900 and 2022 according to the owning country’s

GDPppp.b, Atwo-dimensional density plot for the year of construction of dams
failed per climate zone. ¢, GDPppp distribution for all dams built/failed per
climate zone.

areas builtin the period 1900-1940 (N =840), (3) large concrete dams
(50-150 m) built in the last 5-10 years (N=198) and (5) large embank-
ment damsbuiltinlow-mid GDP areas in the past two decades (N =369).

This grouping, consistent with critical factorsidentified in Figs.2
and 3 facilitates insights into potential risk mitigation strategies that
should include®®® (1) structural safety, (2) surveillance and mainte-
nance and (3) emergency planning. The group (2) primarily cover dams
builtin the beginning of the past century, where ongoing monitoring
and maintenance are crucial for early identification of faults. For these
dams, adaptations to accommodate revised hydrological data are
vital and the identification of construction weaknesses that could be
improved with modern technologies.

On the other hand, for the other groups (1, 3 and 4), upholding
strict safety guidelines is essential for risk reduction, regardless of
the geographical region. Dams in these groups will soon experience
asignificant reduction in their annual probability of failure, as many
will move out of the infant mortality phase, although new dams may
replace them. For all the identified risk groups, when thereis a popula-
tion at risk downstream, emergency planning must be prioritized. In
the absence of detailed local studies, this classification can guide dam
ownersinthe allocation of dam safety efforts.

A global outlook and projection into the near
future

On the basis of our estimates, ~4.4% of the dams analysed remain by
2024 at an annual probability of failure larger than 1/10,000 (Fig. 4d).
Figure 4ashows the geographical distribution of these dams (red mark-
ers), based on the georeferenced WRD* dataset combined with our
predictions. We forecast the number of expected large dam failures
for the near future using a Poisson binomial distribution (Fig. 4e,f
and Methods) and the modelled annual failure probability for each
structure. Figure 4f depicts the expected number of large-dam failures
for large dams built between 1900 and 2022 included in the WRD of
ICOLD*, with 23 (95% CI114-33) dam failures expected in the period
2023-2035 (excluding new construction of dams).

These predictions are compared with the actual number of
recorded catastrophic failures observed in the period 2019-2023
(Fig. 4f). The numbers of recent dam failures have been predicted
reasonably well by our forecasting model, but our model projections
may be considered just as abaseline estimation, since the construction
of new dams during the forecasted period is not accounted for, and
changesin climate dynamics may further affect rates of flood-induced
failures. Observing dam safety more carefully in regions with recent
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dam developments® might be crucial to ensure that the infant mortality
stage is safely passed. Countries identified at higher risk (Fig. 4d) due
torecently intensified dam construction, suchas Turkey, may soon see
their dams becoming considerably safer. Other countries with alarge
setof dams builtbefore1970s, especially for embankment dams, may
require observation of latest hydrological information without ignor-
ing monitoring and maintenance.

In contrast to the expected number of failures and the higher-risk
groupsidentified, 85% of the large dam population remain at an annual
failure probability that is one half (that is, <5 x 107%) of the probability
target (1/10,000) of some of the strictest dam safety guidelines in
current use**. Dams constructed between the 1960s and 1980s in
mid-to-high-GDP countries constitute the majority of that group,
which highlights again the relevance of maintenance, monitoring and
uprating to preserve acceptable safety levels.

Methods

Curated database of dams and failures

The WRD database, by the ICOLD®, is considered in our analysis as
representative of the total global large dam population. The WRD
(until March 2023) contains about 62,000 dams along with several
characteristics, such as size, type, year of construction and country.
The 2019 1COLD* Incident Database is the latest update of the ICOLD’s
Bulletin 99 (ref. 52), adatabase of 322 historical dam failures collected
until 2018. The bulletin mostly considers events involving large dams
(according to the ICOLD, dams with a height of 15 m above the founda-
tion or height between 5and 15 mwith a capacity larger than 3 x 10° m®).
The ICOLD defines dam failure as an incident in which the structural
integrity of the dam or any of its components is lost, or resulting in
an uncontrolled water release. Within the bulletin, accidents related
to appurtenant works and tailing dams were excluded, and thus our
analysis is not representative for these dams (for which the probabil-
ity of failure may differ from conventional large dams). The authors
completed the failures database using official and online reports of
large-dam failures between 2018 and September 2024.

We constructed a survival dataset by merging the WRD database
and the failures database for dams. Only dams constructed (and failed)
in the period 1900-2022 were considered, since the WRDs was last
updated in March 2023 at the time of analysis (duplicates between
bothregisters were eliminated). The dataset contained these variables:
owner country, year of construction, year of failure (if failed), height
fromfoundationto crest and damtype. We grouped all WRD dam type
designationsintoembankment dam or concrete dam, with compound
dams designated asembankment dams as well. This basic classification
for the dam type is commonly embraced in literature®®. The GDPppp
(in international USD for 2018) was collected (from the World Bank’s
national accounts data) for each country. Chinese dams were excluded
fromthe statistical analysis due to ICOLD’s failure records potentially
remaining incomplete in this region®*2. The selected dataset consid-
ered 33,886 large dams and 246 failures. A total of 735 (non-failed) dams
were missing at least one analysis variable (type or height). Missing
data were filled in by drawing random samples from each individual
country’s empirical distribution of the same variable. Multiple realiza-
tions of this resampling were conducted, and their effect on the fitted
models was found negligible.

Survival analysis

The survival function refers to the proportion of subjects in the large
dams’ population that have not failed before a given time, and it can
be defined as®’

SO =P(T>0), )
with the probability (P) of the random variable time of failure (T) to

occur after a certain time t. Additionally, the time-dependent failure
rate can be described via the hazard function h(¢t) (ref. 89)

. P(esT<t+d) S
hO=lm —so =~ "50 @

The cumulative hazard function is represented by the integral of
the hazard function within a given time horizon (¢)

t
H() = / h(u)du, 3)
0

whichisrelated to the survival function through

H() =—log(S(). 4)

Non-parametric KM survival curve

The Kaplan-Meier (KM) curve is a non-parametric statistic that pro-
vides an estimation of the survival function S(¢) from time-to-failure
data. The KM statistic formally treats the presence of right-censored
information within the dataset (thatis, damsthat have not failed yet but
may failin the future) by includingitin the survival function estimator,
whichis computed as®

NOE H(l—%), (©)

i<t

where ¢;is the time of occurrence of event i, d;is the number of failure
events and n; is the number of surviving individuals. The KM curves
were estimated from the dam failure database stratifying the dataset
by dam construction type and time period.

CPH model

A CPH model is used to describe the link of external covariates and
the hazard function of the processes under study’’. CPH assumes
proportionality of the covariate effects; however, it does not prescribe
anunderlying probability distribution to the hazard function. The CPH
model is expressed as

h(t1x) = ho () eP"*—%), 6

where h,(¢) is the baseline time-dependent hazard function that is
modified by anexponentiated linear regression of avector of covariates
x (with x their meanvalue) and a vector of fitted regression coefficients
B. Both the baseline hazard and the covariate regression coefficients
are derived by maximume-likelihood estimation.

Weibull AFT model

Accelerated failure time models require the specification of an underly-
ing probability distribution. However, as opposed to the CPH model,
they allow extrapolating the hazard curve—necessary when predicting
future probabilities. We found a good agreement of the inferred CPH
curves and a Weibull deterioration model in the period 1900-2022
(Weibull AFT; Fig. 2a,b,d,e). In the Weibull AFT model®®, the hazard and
survival curves are formulated as

t VY
Heo = (15 @)
A(X) = ebo+TL b)) (8)
S(tx) = e_(T;)) 9)

where X represents the vector of covariates and (b,,p) is a series of
fitted parameters.
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Statistical analysis, robustness and limitations

The dataset on failed and non-failed large dams is considered a
right-censored set (that is, observations where outcomes are known
only since the dam’s construction and until 2022). KM survival curves
(with Greenwood Cl estimates) were used to estimate survival across
various periods from1900 to 2022, stratified by construction method
(Supplementary Fig.2). A series of survival regression models, includ-
ing CPH and Weibull AFT models, were employed to explore the rela-
tionship between dam characteristics (for example, dam height, type,
GDPppp per capitaof the owner country and year of construction) and
the probability of failure at a given age (Supplementary Table 1). The
CPHmodelwas adjusted using only ICOLD failure records (1900-2018)
and afterwards also using the completed failure records (1900-2022),
showing that the direction and intensity of effects does not change
substantially (Supplementary Table 1, models CPH and CPH ¢, ). The
effect of covariates was quantified using the estimated mean HR and
the corresponding 95% Cls. The HR parameter indicates the relative
effect of avariable change onthe damfailurerate,aHR >1 representsa
factor thatincreases the failurerate, meanwhile HR <1reducesit. Model
goodness-of-fit was assessed using the concordance index and Akaike
information criterion. All models where fitted with at least 30-60
events per fitted variable, complying with the recommended >10-20
ratio for survival analysis®*%

The Python library lifelines” was used to fit the survival models
(CPH and Weibull AFT) using the maximum-likelihood method. A
cross-validation scheme (using 500 random samples of the dataset
with 70%/30% training/validation split) was used during training. The
best performing model achieved a concordance index of 0.71 (95% CI
0.66-0.77).

The Weibull AFT model was used to estimate the annualized prob-
ability of failure of structures based on their physical properties (of the
considered parameters) in the near future. This model only explains
part of the variability in the failures observed and the real individual
structure failure probability should beinformed with in situ assessment
ofthestructure (thatis, design criteria, structural or foundation state).
Thus, estimates of this model should be considered as a bulk number
and not relied in a dam-by-dam scenario. However, lacking detailed
insitu observations, these estimates can be used to identify groups of
higher hazard based on the historical trends of dam failures.

Expected number of large-dam failures for a given period

The probability of astructure failing within a certain time period ¢, con-
ditional to have survived until age ¢,, and with characteristics encoded
inthe covariate vector x can be quantified as

S(tolx) — S(to +t1X)

P(TS t0+t|T> to,x): S([le) ,

(10

with S(¢)x) the survival rate estimate at age t. For instance, the probabi-
lity ofagivenindividualdami(constructed inthe year yc) failing within
the period of ¢, additional years (and conditional to have survived
until 2018) can be simulated as P; (T < 2018 — yc + t,|T > 2018 — y¢, X;)
following equation (10).

Estimating whether this dam has (or has not) failed withinagiven
period can be posed as a Bernoulli trial with probability of failure (P),
under the assumptions of stationarity of the driver processes and
independence of failures. In probability theory, the Poisson binomial
distribution represents the expected number of successes (k) from
Nindependent, non-identically distributed Bernoulli trials. Its prob-
ability mass function can be written as

PK=k =3 T[ATIa-P),

AeF, ieA  jeAc

an

for which Fis the set of all subsets of kintegers contained in (1,2, ..., N).
Arepresents each drawn subset, and A°its conjugate. Computing the

probability density of the Poisson binomial distributionis challenging
for a large number of trials (as in our case) due to the bad scaling of
equation (11) withincreasing N. On the other hand, the mean and vari-
ance of the Poisson binomial distribution can be readily computed as

(12)

N
2= PxA-P). (13)
i=1

We used the implementation provided by Hong’* to generate
estimates of the Poisson binomial probability density function from
the collection of dams in the WRD conditional to having survived in
2018, the numbers of annual failures were estimated for the period
2023-2035. Figure 4f compares these estimates with the recorded
failures in the period 2019-2024. Although the model captures well
the observations until date, this should be taken as baseline predic-
tions, since future predictions did not consider the construction of
new dams since 2023.

Climate zone classification

The WRD of the ICOLD provides georeferenced coordinates for most
ofthedamsintheinventory (-90.5% of them, excluding Chinese dams),
dams for which the coordinate was not available, were assigned a ran-
dom location within their owning country borders. Additionally, we
performed amanual georeferencing of the failure casesincludedin the
ICOLD’s failure bulletin. Using the dam’s coordinates, we sampled the
climate zone for each dam location based on the Koppen climate zone
global map produced by Rubel and Kottek (2010) updated for 2018.
The K6ppen-Geiger climate classification differentiates 31 zones with
distinct climate characteristics. We clustered these zones in four distinct
regions attending to processes relevant for dam safety, as described in
Supplementary Table 2. This rationale is founded on climate-related
considerations specific to damsafety (for instance, see Fluixa-SanMartin
et al.”®). Owing to the low number of failures in the tundra and cold cli-
mate cluster (Supplementary Table 2), all analyses reported in the main
manuscriptonly attend to the other three climate zones. Supplementary
Fig.5shows the world distribution of failures and climate zones.

Data availability

Dataused for the statistical analysis are available under the 2019 ICOLD
Bulletin® on dam failures (Incident Database) and the WRD from the
ICOLD*® (version March 2023) available at the ICOLD’s data reposito-
ries. Georeferenced dam data are available in the WRD*®. Other data
supportingtheresults are available in the Supplementary Information.
Contemporary failurerecords (2019-2023) are available viaZenodo at
https://doi.org/10.5281/zenod0.14790657 (ref. 95). Other results are
available upon reasonable request to the first corresponding author.

Code availability

All scripts used to perform the statistical analyses described in
this Article are available via Zenodo at https://doi.org/10.5281/
zenodo.14790657 (ref. 95).
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