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ABSTRACT

Dams pose a high potential risk due to the possibility of rupture. An accident can cause
severe consequences for the economy and the environment, besides the loss of human lives. In
addition to large dams for power generation, there are also a large number of small earth dams
throughout the world, mainly in rural areas, built for the purpose of irrigation or watering
animals. Problems with small dams are also frequent, especially in periods of high rainfall when
they are more prone to failure. When dams are in cascade, the probability of a rupture is even
greater than with an isolated dam, since in most cases small dams do not have enough freeboard
to contain the volume coming from the dam further upstream. However, Brazilian legislation
relating to water dams only covers the large ones, unless they are classified with high Hazard
Potential (DPA for its acronym in Portuguese). Thus, there is no specific legislation for small
dams, which means that many of them do not undergo regular inspections and proper safety
assessment. This work aims to apply the simplified classification developed by the National
Laboratory of Civil Engineering (LNEC for its acronym in Portuguese) for dams in cascade and
to compare it to the classification of the Brazilian law for the DPA, evaluating its applicability
for small dams. In this way, this method will complement and facilitate decision-making by
owners and regulators, thus allowing special attention to the safety of small dams all over the
world.

Keywords: dams in cascade, dams safety, small earth dams.

Aplicacdo da metodologia simplificada de classificacdo de pequenas
barragens em cascata

RESUMO

Barragens sdo elementos com alto potencial de risco devido a probabilidade de ruptura.
Um acidente pode causar graves consequéncias para a economia, para 0 meio ambiente, além
da perda de vidas humanas. Além das grandes barragens para geracao de energia, existe também
um grande numero de pequenas barragens de terra no mundo, principalmente em areas rurais,
construidas com a finalidade de irrigagdo ou dessedentacdo de animais. Os problemas com
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pequenas barragens também sdo frequentes, especialmente em periodos de muita chuva, quando
estdo mais sujeitos a rompimento. Quando as barragens estdo em cascata, a probabilidade de
seu rompimento é ainda maior do que quando ha barragem isolada, pois, na maioria dos casos,
as pequenas barragens ndo possuem borda livre suficiente para conter o volume proveniente da
barragem mais a montante. Porém, no Brasil, para barragens de agua, a legislacdo abrange
apenas as grandes, a menos que sejam classificadas com alto Dano Potencial Associado (DPA).
Assim, ndo existe uma legislagdo especifica para pequenas barragens, o que significa que
muitas delas ndo passam por inspecdes regulares e avaliacOes de seguranca adequadas. Este
trabalho visa aplicar a classificacdo simplificada desenvolvida pelo Laboratério de Engenharia
Civil de Portugal (LNEC) para barragens em cascata e compara-la com a classificacdo da lei
brasileira para a DPA, avaliando a sua aplicabilidade para pequenas barragens. Desta forma,
este método de classificacdo podera complementar e facilitar a tomada de decisdes por parte
dos proprietérios e reguladores, permitindo assim uma atengdo especial a seguranca das
pequenas barragens em todo o mundo.

Palavras-chave: barragens em cascata, pequenas barragens de terra, seguranca de barragens.
1. INTRODUCTION

Water is essential for life; man therefore occupies areas where this resource is available.
Considering the increase in water demand over the time, and that its availability is not constant,
the regularization of rivers through dams is necessary for the maintenance of human
development and the well-being of a society.

With agricultural development and a greater need for food, there has been an increase in
the construction of small dams, especially in rural areas and in arid regions. They are used for
irrigation, watering animals, and even to minimize problems with flooding, and substantially
contribute to the socioeconomic development of small rural properties. They also have a
potential to mitigate future climate change consequences. However, due to the lack of proper
management by the owners, they can become a threat to the region where they are built
(Bocchiola et al., 2014; Alahiane et al.,2016; Agoramoorthy et al., 2016; Hintze et al., 2016).

Despite some dams being small, they can cause risks to the population, as they are often
built without an adequate project, technical responsibility or the authorization of the responsible
regulatory agency. Thus, they also need inspections for proper monitoring of their behavior,
requiring a joint action of regulatory agencies and owners for the safety management of these
dams (Dam et al., 2012).

Accidents with large dams are reported around the world; on the other hand, occurrences
with small dams located in rural areas are generally less reported, but more frequent, especially
in developing countries. In the Czech Republic, there are approximately 20,000 small dams,
many of which broke in rain events in 1997, 2002 and 2010; there were also occurrences in
Tasmania, Australia, United States, Indonesia, among other countries, with dams less than 10m
high. In Brazil, in the northeastern region, between 1887 and 1906, 129 small dams broke, in
addition to other accidents in the states of Ceara and Para (Pisaniello et al., 2011; 2015; Aguiar
et al., 2015; Riha et al., 2020; Nava et al., 2021).

The safety of a dam includes structural, geotechnical, hydraulic, operational and
environmental aspects, besides the auscultation of important parameters. It is also worth
mentioning that managing the safety of small dams must involve public authorities, owners and
the community. (Pacheco et al., 2020; Lima et al., 2021).

Risk analysis tools, such as those developed by Kalinina et al. (2018), Li et al. (2019), He
et al. (2020), can be used to evaluate the level of safety of a dam. Nevertheless, for Garcia et
al. (2019), when considering small dams, indexes are more appropriate to provide general
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information regarding the structure, as they are less time and cost consuming. Pimenta et al.
(2013), Sun et al. (2014), Zheng et al. (2015), Zhou et al. (2015), Jing et al. (2018), among
others presented simpler tools that can be used to evaluate the level of safety of a dam.

Despite all the problems involving small dams, few countries (among them, Portugal can
be mentioned) have specific legislation and/or recommendations for them. There is no specific
data for risk assessment and classification purposes, making the small dams’ safety assessment
and management more difficult. Thus, it is important to have more specific tools for the small
dams, considering their particularities, and that can be easily applied (Luccas et al., 2020; Lima
et al., 2020).

In Brazil, Law n° 12.334/10, amended by Law n° 14.066/20, named Brazilian Policy of
Dams Safety (BPDS), which addresses the accumulation of water for any uses, the final or
temporary disposal of tailings and the accumulation of industrial waste (Brasil, 2020).
However, only dams larger than 15m height, or with reservoirs with a volume greater than 3-10°
m?3, are included in it, unless they have a medium/high Hazard Potential (DPA) classification.
This classification does not meet small dams, which do not require regular safety inspections,
increasing the risk of an accident.

Thus, this work applies the simplified methodology for cascading dams developed by the
Brazilian Water and Sanitation Agency (ANA for its acronym in Portuguese) and the National
Laboratory of Civil Engineering (LNEC for its acronym in Portuguese), in partnership with the
World Bank, comparing it with the DPA classification according to Law n° 12.334/10.

Several authors have elaborated simplified methods for determining the parameters of the
breach, the peak flow or the failure impact zone (Espafia, 1996; Schaefer and Barker, 2007,
Melo, 2015; Petry et al., 2018). However, the classification presented here is intended to make
it clear to decision makers the danger of not observing the possible risks of cascading dams,
especially the small earth dams in rural areas. The method is a previous analysis and its results
show, in a simple and low-cost way, the areas that must be monitored.

2. MATERIAL AND METHODS

The municipality of Campinas, State of Sdo Paulo, has an approximate area of 800 km?,
being about 400 km? of rural area. There are 358 dams in the municipality, 80 of them located
in the Microbasin of Ribeirdo das Cabras, which has environmental relevance for being in the
Environmental Protection Area (APA) of Campinas. About 75% of these dams are used for
irrigation/livestock (ANA, 2019; Campinas, 2016).

To carry out this research, 24 of these 80 dams were chosen; they are arranged in cascades,
located in 4 private properties, (named here X1, X2, X3 and X4), as shown in Figures 1 and 2.
The Institute of Technological Research (IPT, 2002) created a technical report, from which
information was obtained about the dams, such as their length and height, geographic
coordinates and, for some of them, the freeboard and the water surfaces (with normal and
maximum water levels).

The assessment of the surroundings of the dams was made from an orthophoto from 2014,
available at https://informacao-didc.campinas.sp.gov.br/metadados.php from the server
http://wms2.campinas.sp.gov.br/wmsmap/wms_ortofoto_2014.map. The orthophoto is in a
raster format, with GSD (Ground Sample Distance) resolution of 10cm, photo capture (aero
photogrammetric coverage): July 2014, coordinate reference system: SIRGAS 2000 UTM 23
S. From this orthophoto it was possible to visualize existing elements, such as roads, buildings,
and other features.

The DPA classification of the dam was based on Resolution n° 143/2012 of the Brazilian
Water Resources Council (CNRH for its acronym in Portuguese) (CNRH, 2012). According to
this Resolution, scores are assigned to each one of the criteria that compose DPA, depending
on the characteristics of the dam. The final grade is the sum of the scores for each criterion.
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Figure 1. Location of the Ribeir&o das Cabras Watershed and the 24 dams.
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Figure 2. Location of cascading formations regions.

Then, the classification was made according to the simplified method for dams in cascade,
proposed by LNEC in partnership with the World Bank (World Bank, 2014) and it was
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elaborated from practices recommended by (Espafia, 1996; Schaefer and Barker, 2007).

The method consists in a simplified classification of the DPA of cascading dams, based on
the premise that the spillway of a downstream dam will not be able to drain the flood of the
failure of an upstream dam. Thus, if the free edge of the dam under analysis comprises all the
influent volume, it will not fail; otherwise, it will break. The method follows the steps:

1. The DPA classification of isolated dams is carried out;
2. The further downstream dam keeps the isolated DPA isolated,;

3. If the downstream dam does not store in its free edge the total influent volume due to
the rupture of the upstream dam, it will break; so, to the upstream dam should be assigned the
classification of highest DPA between both.

The ideal is having information about the free edge of the analyzed dams. If this
information is not available, it is estimated, depending on the total volume of the dam, as
follows: for a dam height up to 3m, the freeboard volume is 20% of the reservoir volume; for
dams with a height between 3m and 15m, the freeboard volume is 10% of the reservoir volume;
dams with a height between 15m and 60m, the freeboard volume is 50% of the reservoir volume
(World Bank, 2014).

Based on the described method, one made the classification of the 24 dams in cascade.

3. RESULTS AND DISCUSSION

For the Hazard Potential (DPA for its acronym in Portuguese) classification, 20 dams were
chosen, arranged in 3 cascades (named A, B and C), in addition to 4 isolated dams (which are
not in cascade), thus totaling 24 dams, as shown in Figure 2.

Thus, the Hazard Potential classification was done for the 24 dams in isolation, and the
simplified classification of LNEC was done for those ones in cascade.

3.1. DPA Classification according the Brazilian Policy of Dams Safety

From the information available about the dams, the DPA classification was made
according to CNRH (2012). The criteria considered for this classification is presented in the
Supplementary Material (Table 2), and it is worth remembering that all the dams are classified
separately.

The dam named 1 (8.3m high) was the only one classified with high DPA, as it is located
immediately upstream of an urban area, which increases the probability of loss of human life if
it breaks. On the other hand, Dams 2 (7.8m high), 3 (no height information) and 4 (4.4m high)
were classified as having low DPA.

The dams Al to A3, B1 to B10 and C1 to C7, all have low DPA when they are classified
in isolation, since downstream of them there are no buildings with permanent occupation. Thus,
according to the Brazilian Law, these dams considered in isolation, would have no obligation
of regular inspection by the regulatory agency, as already mentioned by Lima et al. (2021).

It is noteworthy that the attribution of scoring and evaluation of the categories does not
totally eliminate the subjective character, as it is made from the observation of the dam's
surroundings, with an interpretation that depends on the experience of the technician who will
carry out the on-site inspection.

3.2. Classification according to LNEC simplified methodology

The simplified methodology of LNEC (described previously) was applied to classify the
dams in cascade. Figure 3 presents the 3 cascades considered in this research, and their
classification is presented in Table 1.
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Figure 3. Cascade of regions A, B and C.

Table 1. Classification of Cascade Dams according to the simplified methodology.
Dam  Height (m) Volume (m3) Free Board Volume (m®  DPA Cascade

Al 8 34,685 3,000 Low
A2 8 53,672 5,000 High
A3 8 15,127 2,000 High
B10 6 63,241 6,000 Low
B5 8 356,720 36,000 High
B8 16.5 139,639 70,000 High
B9 5.9 37,878 4,000 Low
B6 6.2 57,939 6,000 High
B4 9.2 277,840 28,000 High
B7 6 44,664 4,000 High
B3 6.9 18,036 2,000 High
B2 7.4 151,463 15,000 High
Bl 7.6 251,864 25,000 High
C2 7.5 114,637 11,000 Low
C1 6 0 0 Low
C4 11.5 232,737 23,000 High
C5 11 92,719 9,000 High
Cc7 18.5 761,626 381,000 High
C3 5.3 24,104 2,000 High
C6 6 30,498 3,000 High

Dam “A1” is the most downstream in the cascade, so it keeps the low DPA, which is the
same as the isolated classification. From there, the classification of the dams is carried out,
evaluating whether the downstream dam would store on its freeboard the volume released if the
immediately upstream dam failed. Thus, if the A2 breaks, Al does not store the influent volume
on its freeboard, and it would inherit the DPA. As it is already low, your DPA would change to
medium, and the same procedure is done for the entire cascade.

For the B cascade, it is observed that the B10 and B9 dams would store on their freeboard
their excess volume plus the volume of the B5 and B6. However, dams B8, B4, B7, B3, B2 and
B1 do not have enough freeboard to store the excess volume, so they are classified with high
DPA. With the failure of the more upstream dams and accumulation of all the flood, there is a
great probability that the further downstream dams will also break, including those with low
DPA.

Cascade C is composed of 7 small dams; C2 and C1 dams maintain the low DPA of the
isolated classification, as they are further downstream, and the others would have a high DPA,
according to the simplified method.

It is worth remembering that the simplified method considers the possibility that the
volume released by a dam failure also breaks the dam immediately downstream (if the free edge
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of this one does not store the total influent volume). Thus, according to Schaefer and Barker
(2007), if the failure of the upstream dam would cause the failure of the downstream one, then
the classification for the upstream dam must be as high or higher than the downstream dam(s).
That's why in some cases, the most upstream dams are classified with high DPA, while the
more downstream dams are classified with low DPA.

Figure 4 shows the classification for the cascades, both separately (low DPA) and together
(medium and high DPA).
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Figure 4. Classification of the small dams in cascade.

The method applied in this research is a simplified one, and it is important to a previous
safety assessment of the dam. Besides, results show that attention needs to be paid to small
dams, especially when they are cascades.

4. CONCLUSIONS

Dams are important structures for the development and well-being of a society. In small
rural properties, it is common to build small dams for irrigation, animal watering, or other
purposes. Although less reported, accidents with small dams are frequent, and few countries
have specific legislation or criteria for evaluating the safety of these structures.

In this study, the DPA evaluation of small dams was carried out based on the criteria
defined in the Brazilian legislation and from a simplified classification for cascading dams,
proposed by LNEC.

It is worth remembering that both methods applied to small dams proved to be useful for
an assessment of the Hazard Potential, and to delimit risk areas around the dams. Besides, the
results presented here highlight that a dam can be classified as low DPA when isolated
(therefore, without the inspections imposed by Brazilian law) but can change to high DPA when
the analysis is done in cascade. Attention must therefore be paid to small dams, especially when

they are in cascade.
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Another important issue is that small dams have their own characteristics, which make
them different from large ones. Often, compliance with legislation to guarantee the safety of
the structure could make economic activities unfeasible for small owners, since, unlike large
dams, the small ones are generally not built for profit and/or generate large incomes for the
owner. Therefore, they need specific criteria of classification and special attention when
comparing them to the large dams.

The results presented here can be used in a simple, direct and low-cost way for
readjustment and regularization of small dams, ranking them in terms of their criticality.
Finally, it is worth remembering that it is necessary for joint actions by the owner, public
authorities and the community to guarantee the safety of these structures and their surroundings.
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SUPPLEMENTARY MATERIAL

Table 2. Classification of Associated Potential Damage (DPA).

Classification of Associated Potential Damage - DPA (Water Accumulation)

Total Reservoir

Potential for loss of human

Environmental Impact (c)

Socio Economic Impact (d)

Volume (a) life (b)
SIGNIFICANT
NONEXISTENT
(There are no gﬁgerﬁdrsrf:sgfntgi (:1?21 NONEXISTENT
_ permanent/resident or ot rep - (There are no navigation
Small <=5 of environmental interest,

million m3 (1)

temporary/transiting people
in the affected area
downstream of the dam)

()

areas protected in specific
legislation or is totally
deprived of its natural
conditions) (3)

facilities and services in the
area affected by the dam
accident) (0)

LESS COMMON

(There are no people
permanently occupying the
affected area downstream of
the dam, but there is a side
road for local use) (4)

VERY SIGNIFICANT
(Affected area of the dam
has relevant
environmental interest or
is protected in specific
legislation) (5)

LOW

(There is a small
concentration of residential
and commercial,
agricultural, industrial or
infrastructure facilities in the
affected area of the dam or
port facilities or navigation
services) (4)

Medium 5
million to 75
million m3 (2)
Large 75
million to 200
million m3 (3)

FREQUENT

(There are no people
permanently occupying the
affected area downstream of
the dam, but there is a
municipal, state, federal or
other local road and/or
enterprise for the eventual
permanence of people who
could be affected) (8)

HIGH

(There is a large
concentration of residential
and commercial agricultural,
industrial, infrastructure and
leisure and tourism services
in the affected area of the
dam or port facilities or
navigation services) (8)

Very Large >
200 million m3

®)

EXISTING

(There are people
permanently occupying the
affected area downstream of
the dam, therefore, human
lives could be harmed) (12)

APD =Y (ato d)

Source: CNRH (2012).
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