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Preface

Water is one of the most basic resources for living a healthy life. It is integral to
human health as well as agriculture, energy production, and more. Energy can be
produced from other sources; however, water has no alternative in terms of providing
domestic and industrial energy needs and for irrigation purposes. For this reason,
cities and countries are trying to use these limited natural resources correctly and
ensure the principle of continuity in use. This means that storing water for later use

is an important aspect of dam engineering. As such, the number of reservoirs and
related structures (dams and irrigation systems) constructed for the purpose of
storing fresh water has significantly increased worldwide. Many large projects related
to the effective use of freshwater have been implemented, especially in developing
countries.

Land resources in which agricultural activities can be carried out in the world are

also restricted. Food production, which is one of the most basic needs of social life, is
only possible with the continuous execution of agricultural activities. There are about
27 million square kilometers of arable land in the world. Countries carry out irriga-
tion projects to increase the yield of these agricultural areas and try to meet their
food needs using advanced technology. Unfortunately, natural and artificial hazards
increase food demands.

Recent studies indicate that water and earth resources are unevenly distributed
throughout the world. There is also an imbalance in usage rates of freshwater world-
wide. In developing countries, agricultural water use is about 75 percent of total
global consumption, while industrial use accounts for about 20 percent. The remain-
ing 5 percent is used for domestic purposes. Additionally, two of every three people
living on Earth will experience water stress by 2025, according to recent projections.
Scientists state that clean water supplies and sanitation are likely to become major
problems in many parts of the world. Water-borne diseases resulting from water
pollution continue to be a major cause of illness in undeveloped and developing
countries.

This book consists of six excellent contributions to dam engineering. The chapters
cover a wide range of topics about dam issues. Chapter 1 presents a study that was
performed on dams within a cascade system posing a high total risk to downstream
life, such as the large dams on the Euphrates River in Turkey. Chapter 2 discusses the
use of a geomembrane system in dam engineering and presents projects in this area
from around the world. Chapter 3 deals with managing impounded water quality and
serves as a literature survey of management and environmental issues with case stud-
ies. Chapter 4 presents the results of an investigation performed on the possibility of a
cascade failure, based on Brazilian dams. Chapter 5 focuses on uncertainty factors for



the lifecycle assessment of hydroelectric power plants. Finally, Chapter 6 discusses the
potential of nonlinear dynamics tools in the real-time monitoring of large dams using
the case of the Enguri high-arch dam.

As an editor, I am thankful to the chapter authors for their contributions. I hope this
book proves to be a useful resource for readers studying dam engineering.

Dr. Hasan Tosun
Professor,

Mudanya University,
Bursa, Turkey
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Chapter1

Recent Evaluation on Total Risk
of Cascade Dams on Murat River of
Upper Euphrates Basin, Turkey

Hasan Tosun

Abstract

The dams within a cascade system pose a high total risk to the downstream life, even
if they provide significant benefits in terms of flood protection, irrigation water, and
domestic water supply and energy production; a dam in a cascade system also poses a
substantial risk from the point of view of other structures in the basin and causes the
danger to grow due to the triggering effect from the point of view of dam failure. In this
study, the total hazard of the dams in the Murat River located in the upper part of the
Euphrates-Tigris Basin, the largest basin in Turkey, will be evaluated, and calculations
made about it will be summarized. The possible hazards in a cascade system will be
highlighted. Ten large dams of various types ranging from 36 m to 138 m in height from
the river basin have been considered in this context. The analysis results show that six
dams are under near-source effect in terms of seismicity, and all of the dams considered
have a high total risk, although they have different hazard ratios. In addition, three
separate dams located within the cascade structure carry a much greater risk regarding
the dangers that other structures may create.

Keywords: cascade system of dam, dam failure, overtopping, total risk

1. Introduction

There are two fundamental factors contributing to the total risk of the dams: (1)
the structure’s risk rating and (2) the rating of the dam site on seismic hazard. In
general, the peak ground acceleration (PGA) is utilized to represent the design earth-
quake for a dam site. The risk rating is defined on the basis of the reservoir capacity,
dam height, potential damages to the downstream, and evacuation requirements.
While the International Commission on Large Dams (ICOLD) considers the seismic
and risk ratings separately, the Bureau’s method combines these factors to compute
the total risk factor (TRF) for dams [1, 2]. Later, ICOLD introduced the guidelines for
selecting seismic parameters for large dams [3].

Turkey has 26 water basins. The largest one in the country is the Euphrates-Tigris
basin, which has two main rivers and about 53 km?® per year of water yield. The first is
the Tigris River, which crosses the Iraq border and joins the Euphrates River. Several
large dams exceed 10 in the Tigris River basin for utilizing earth and water resources.
The second one, namely the Euphrates River, located west of the basin, is 2800 km
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long and joins the Tigris in Iraq, flowing into the sea (Persian Gulf). On the Euphrates
River and its tributaries, 32 large dams have been planned to be built and used for
energy and irrigation purposes. Several dams are completed on the main part of the
Euphrates River, including Karkamis, Birecik, Ataturk, Karakaya, and Keban. There
exist many studies related to these dams, which are reported in [4-12].

The Euphrates River has three main tributaries in the upper region of the basin:
Karacasu, Perisuyu, and Murat rivers. The Keban dam lake is the confluence of
these rivers. The Karacasu River is located further west and contains many large
dams along with its other tributaries. The other main tributary, which is called as
Perisuyu River, includes eight large dams called Kigi, Kalecik, Konaktepe, Ozluce,
Pempelik, Seyrantepe, Tatar, and Uzuncayir. The third one is the Murat River,
which originates in the northeast of Lake Van and flows westward, forming deep
valleys to merge with the Karacasu tributary. There are 10 large dams which have
been completed on this river and its tributaries including Agri-Yazici, Alparslan
1, Alparslan 2, Lower Kalekoy, Beyhan-I, Beyhan-II, Gayt, Giilbahar, Patnos, and
Upper Kalekoy [13].

The 722-km Murat River originates from the north of Lake Van, flows toward the
southwest, and reaches the Malazgirt Plain. This river receives other small tributar-
ies in the Agri region on its way. After taking the Hinissu coming down from the
Bingol Mountains, it enters the Mus Plain from the north by drawing hard geomor-
phologic features and taking the Karasu coming from Mount Nemrut here, then
flows west, passing through narrow gorges and in front of Palu, merges with the
Munzur-Peri water coming from the North, and immediately reaches the reservoir
of Keban dam. The total hydraulic capacity is about 2650 MW. The dams and power
plants with an installed capacity of 2149 MW have been planned on this river, and
today more than 80% of them have been completed or are under construction. It
is planned to irrigate about 120,000 ha of agricultural land in the region with the
river’s water.

In this paper, the total risks of 10 above-mentioned dams on the Murat River
will be examined, and their location within the cascade system will be evaluated. In
particular, the effects of structures located in a cascade system will be focused on in
terms of total risk related to upstream and downstream facilities and potential hazard
situations expressed separately for each dam. The main physical characteristics of
these dams, whose heights range from 36 m to 138 m from the river bed, are presented
in Table 1. These dams were built to generate energy, to supply drinking water, and
for irrigation usage. The dams located on the main river and built for electrical energy
generation are privately owned. The related dams have been constructed in different
types. Conventional types of dams (rock- and earth-fill) belong to the state. One-half
of these dams were built by the state and the other half by the private sector. State
dams are usually for irrigation purposes, while private dams are entirely for electrical
energy generation (Table1).

2. Methodology and materials

For the seismic analyses, seismic sources, which are acting on the investigation
area, were identified and evaluated on the basis of guidelines and the hazard model-
ing developed for the region to form seismic model of the dam sites [14, 15]. The
study of seismic activity includes both the Deterministic Seismic Hazard Analysis
(DSHA) and the Probabilistic Seismic Hazard Analysis (PSHA) [16, 17]. Some
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attenuation relationships, which were developed on the basis of actual earthquake
data, were adopted to obtain the peak ground acceleration (PGA) on each dam site,
because of being no enough strong motion records. The analyses performed using
the DAMHA software, which is a specified program, were developed in Osmangazi
University. This program was used in several studies [18-32].

The recurrence interval of earthquakes was estimated as based on the seis-
mic sources identified previously. The earthquakes that occurred within the last
100 years were used for estimating seismic parameters. Throughout the study,
seismic zones and earthquakes within the area having a radius of 100 km around the
dam site were considered. For all analyses throughout this study, the peak ground
acceleration was obtained by considering FEMA’s earthquake definition by two
methods [33].

Throughout this study, two methods have been considered for estimating the total
risk for dam structures. In DSI guidelines, the total risk factor depends on reservoir
capacity, height, evacuation requirement, and potential hazard [34]. The Bureau
method, which considers the dam type, age, size, downstream damage potential, and
evacuation requirements, was utilized to realize the risk analyses of the basin. It sug-
gests four separate risk classes ranging from I (low risk) to IV (extreme risk) based on
the total risk factor (TRF).

3. Analyses

The area under investigation has a very complex geology and very active seismic-
ity. The author of this paper and their colleagues introduce more comprehensive
information about the geology and seismotectonic structure of the region [11, 12].
Two main energy sources are acting in the region: The North Anatolian Fault Zone
(NAFZ) and The East Anatolian Fault Zone (DAFZ). The NAFZ is one of the best-
known strike-slip faults in the world because of its significant seismic activity and
well-developed surface features. It is approximately 1500 km long and extends from
eastern Turkey in the east to Greece in the west. The width of NAFZ ranges from a
single zone of a few hundred meters to multiple shear zones of 40 km. The DAFZ has
a 550-km length and is a northeast-trending, sinistral strike-slip fault zone. It com-
prises a series of faults arranged parallel to the general trend. It is a transform fault
forming parts of boundaries between the Anatolian and Arabian Plates [5].

In this region, there are many earthquakes with a magnitude greater than 4.0
(based on the surface wave magnitude scale (Ms)), which indicates that the region is
very active. Furthermore, there were only two earthquakes with a magnitude equal
to or greater than 7.0 in the basin. The first one is the 1939 Erzincan earthquake with
M of 7.9 and the second is the 1949 Karliova earthquake with M; of 7.0. Earthquakes
occurred in the region, and prevailing seismotectonic structures are given in
Figurel.

For seismic hazard analyses of 10 dam sites, a detailed study was performed to
identify all possible seismic sources based on the macro seismotectonic model of
Turkey. The National Disaster Organization and other institutes prepared the map
for general use. However, later it was modified by the author and his colleagues to be
used for dam projects. The region’s seismic history and local geological features were
used to quantify the rate of seismic activity in the basins. The seismic stability of
dams considered in this study was re-analyzed according to the new map on seismic
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Figure 1.
Earthquakes on the seismotectonic model of the region.

zonation and updated national regulations on seismic design. The results of seismic
hazard analyses are given in Table 2.

The seismic hazard analyses performed using two different methods indicate that the
PGA value varies within a wide range for the dam sites. The Deterministic Seismic Hazard
Analysis (DSHA) shows that the PGA values for the 50 percentile range from 0.107 to
0.366 g, while those for the 84 percentile are between 0.174 and 0.596 g. According to
Probabilistic Seismic Hazard Analysis (PSHA), peak ground acceleration (PGA) changes
within a wide range for all earthquakes levels. These values mainly depend on the position
of dam sites and the nature of predictive relationships. Beyhan-II dam has a PGA value of
0.872 g, which is the maximum value for all dams considered in this study based on the
Safety Evaluation Earthquake (SEE). Beyhan-I and Yukar1 Kalekoy dam sites will also be
subjected to relatively high PGA values because of their proximity to the energy source.
The sites of Gayt, Giilbahar, and Alparslanl dams also pose high PGA values.
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# Dam Deterministic Method” Probabilistic Method ™
Mnax Ruin Mean Mean OBEing MDE SEEing
am  PGA+50%  PGA+84% ing
ing ing

1 Agri-Yazici 6.6 291 0.108 0.175 0.226 0.280 0.352
2 Alparslan-1 6.4 89 0.261 0.422 0.378 0.482 0.633
3 Alparslan-2 6.4 13.2 0.197 0.319 0.344 0.429 0.552
4 A Kalekoy 6.4 12.7 0.200 0.323 0.287 0.363 0474
5 Beyhan-I 6.3 3.0 0.338 0.551 0.466 0.604 0.808
6 Beyhan-II 6.3 17 0.366 0.596 0.507 0.655 0.872
7 Gayt 6.5 72 0.305 0491 0.402 0.520 0.698
8 Gulbahar 6.4 9.2 0.251 0.406 0.355 0.454 0.601
9 Patnos 6.3 25.8 0.107 0.174 0.206 0.255 0.323
10 Y.Kalekoy 6.1 43 0.285 0.465 0.430 0.552 0.731

*

M,yax = Maximum eavthquake magnitude in M,y; R, = Minimum distance to fault segment; Mean

PGA + 50% = Mean Peak Ground Accelevation at the 50th percentile; Mean PGA + 84% = Mean Peak Ground
Acceleration at the 84th percentile.

**OBE = Operational Based Earthquake; MDE = Maximum Design Earthquake; SEE = Safety Evaluation
Earthquake.

Table 2.
The results of seismic hazard analyses.

The results of total risk analyses are given in Table 3. The hazard ratio is very high
for six dams and high for two, while two pose a moderate hazard ratio. According
to ICOLD classification, all of them are categorized as a very high-risk ratio, except
Patnos dam. This study shows total risk factor (TRF) values are between 136.2 and
204.4. The Bureau method indicates that all dams considered for this study are classi-
fied as high-risk ratios.

4. Discussion

Within the scope of this study, the total risks of 10 dams constructed on the Murat
River and its tributaries and their impact on the cascade system were examined. There
are six large dams within the cascade system of the main river. These structures are
Alparslan-1, Alparslan-2, Upper Kalekoy, Lower Kalekoy, Beyhan-I, and Beyhan-II
dams, from the upstream and the downstream, respectively. The positions and energy
levels of these dams within the cascading structure are presented in Figure 2. In addi-
tion to these dams, there are four separate large dams (Agri-Yazici, Gayt, Gulbahar,
and Patnos) located on the tributaries of Murat River, which are embankment dams
and have relatively low storage.

The analyses indicate that Alparslan-1, Beyhan-I, Beyhan-II, and Upper Kalekoy
dams, located in the cascading system, are under near fault motions. The relevant dams
are 8.9, 3.0, 1.7, and 4.3 km away from the energy source, which can, on average, produce
an earthquake of 6.4-moment magnitude (Mw) scale, respectively. Therefore, large
PGA values appear in these dam sites, resulting in a hazard class with a “very high” ratio
(Tables 2 and 3). These dams in the cascading system, with high total risk factors, are
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Ht = Height from river basin e 982m 9%87m  Ep=550 GWh
Vt =Total volume of reservoir Vt——awan:\m!
le= Installed capacity for energy production 2
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Ep= Energy production per year En=1039 GWh 910m 905 m
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Euphrates River

Keban Reservior

Figure 2.
The cascade system of Murat River of Euphvates-Tigris Basin [13].

. Impervious clay core . Gravel filter
. Hard rock fiil @ Sand filter
@ Crushed rockfil ) Natural filter

. Riprap

Figure 3.
The cross section of the Alparslan-1 dam [13].

evaluated in detail below. Alparslan-1 and Lower Kalekoy dams, which are essential
structures for the cascading system, are also included in this evaluation.

The Alpaslan-1 dam, which is the upmost structure in the cascade system of Murat
River, is the most critical element according to failure scenarios. It was designed as
the rock-fill type with an embankment body volume of 3.8 million m’ (Figure 3).
Alparslan-1 dam has a height of 88 m from the river bed and a crest length of 571 m. Its
total storage and active capacities are 2993 and 1743 hm’, respectively. The dam is under
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the impact of the near energy source. In other words, it is 8.9 km far away from the
energy source, which can produce an earthquake of magnitude 6.4. The dam site poses
avery high risk for all dams of the cascading system. This means that the overtopping
problem will be seen in all the dams located downstream of the Alparslan-1 dam. The
partial failure analyses indicate that a minor breach forms through the dam’s embank-
ment. In complete failure scenarios of Alparslan-1, it is expected to have a large breach
form in the embankment of the Alparslan-2 dam. In this context, considering the
type of embankment material and foundation as well as the stability of valley slopes,
a detailed geotechnical study should be carried out within the scope of the relevant
dam safety program, and failure analyses should be conducted under different loading
conditions using actual data for the foundation and embankment materials.
Alparslan-2 dam, located within the cascade system and at the downstream side of
Alparslan-1 Dam, has a significant storage capacity (2431 hm?). However, its storage
capacity is smaller than that of the Alparslan-1 dam. This dam was designed as a rock-
fill with an asphaltic core and the highest embankment on the Murat river (height
from river bed = 108 m) with an embankment volume of 12.45 million m?. The dam
site is not affected by the near-source zone, and the PGA values that will occur are
relatively low. The dam site is 13.2 km away from the energy source zone, which could
produce a magnitude 6.4 earthquake in Mw. The dam’s most significant source of haz-
ard is large-scale damage or failure at the Alparslan-1 dam located upstream. Rather
than measures to increase stability in the dam, construction measures should be taken
to discharge the flooding resulting from the Alparslan-1 dam. For this purpose, the
discharge capacity of the spillway can be increased,
and/or additional spillway discharge capacity is created. This kind of study will be
conducted for the first time in the country. Therefore, detailed evaluations should be
made within the framework of the national dam safety program. It is a well-known
fact that there can be some drawbacks to the private sector’s owning a dam for a
certain period of time. This is an essential factor that may effectively take additional
construction measures that may be necessary to be done in the project.

Figure 4.
A general view from the Upper Kalekoy Dam.

9
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The Upper Kalekoy dam is the highest dam in the cascade system of Murat River
(127 m in height from the river bed) and was designed as the type of roller-compacted
concrete dam (Figure 4). Its maximum storage volume is 784 hm3, and there are three
separate dams (Asag1 Kalekoy, Beyhan-I, and Beyhan-II) built with a lower capacity
and arigid type on its downstream. The dam site has the highest earthquake hazard
in the cascade system, which is 4.3 km away from the energy source zone, capable of
producing a magnitude of 6.1 earthquakes in Mw. The dam body will be able to work
as a submerged structure during an overtopping event resulting from a large flood
flow that may occur at the upstream.

The Lower Kalekoy dam, which has a height of 88 m from the river bed and a
storage capacity of 517 hm3 at maximum water level, is built as a concrete-type
downstream of the Upper Kalekoy dam. The dam site is located 12.7 km away from
an energy source zone that could produce an earthquake with a magnitude 6.4 in Mw.
Therefore, it has a lower risk of exposure to peak ground acceleration (PGA) than
others located upstream and downstream. The dam body can be operated as a sub-
merged structure during an overtopping event.

Beyhan-I dam, having a height of 84 m measured from the river bed and a stor-
age of 369 hm® at the maximum water level, is located between Lower Kalekoy and
Beyhan-II dams and designed as a roller-compacted concrete dam. The dam site is
under the impact of the near-field motion. The dam location is 3.0 km away from
the fault zone, which could produce an earthquake with a magnitude of 6.3 in Mw. It
would be subjected to the high PGA value (0.551 g) that may occur from the respec-
tive source. The dam body will be able to act as an overall spillway during considerable
flooding by dam failure on its upstream.

Beyhan-II dam is the structure with the lowest height from the river bed (42 m)
and the lowest storage capacity (79 hm3) on the cascade system of Murat River.

The dam site is also the closest to the energy source (1.7 km), which can produce an
earthquake with a magnitude of 6.3. Therefore, the dam site’s largest PGA values were
obtained in the deterministic and probabilistic seismic hazard analyses conducted
within the scope of this study. This dam body, a built-in concrete gravity type, will be
able to perform as a submerged structure while an overtopping event occurs during
considerable flooding resulting from dam failure downstream.

The cascade system with six large dams on the Murat River merges with the Keban
dam reservoir located on the main Euphrates river. Keban dam is the second larg-
est storage dam in the country, with a storage capacity of 31,000 hm3. The largest
catastrophic failure that may occur in the cascade system of Murat River can be met
by the huge capacity of the Keban dam when operated with an appropriate program.
However, it is necessary to lower the normal water level (NWL) of the Keban dam
reservoir by 3 m in terms of the system’ reliability.

5. Conclusions

The reliability of a cascade dam system depends on the type and storage capac-
ity of each dam structure included in the system. In other words, the total risk of a
dam located in a cascade structure and a singular dam located on a river is not the
same. The total risk classifications used for this purpose do not take into account this
difference and even suggest lower risk values related to the evacuation requirement
and damage rate that may occur downstream. The hazard can be more due to the
triggering phenomena for a significant catastrophic failure on the cascade system
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upstream. In reality, the total risk is several times greater than that estimated by risk
classification.

Among the dams located in the Murat river cascade system, the maximal total
risk belongs to the Alparslan-1 and Alparslan-2 dams, built in the embankment
type and located at the most upstream part of the system. All design and construc-
tion measures to enhance safety should be taken for the Alparslan-1 dam, and the
necessary observations and measurements should be carried out sensitively. The
author introduces that a specific operation program should be prepared for this dam
reservoir and operated by experienced engineers and technicians. For the Alparslan-2
dam, which is of the rock-fill type with a central asphalt core, construction measures
should be taken to prevent overtopping phenomena and/or reduce its impacts. One of
the considerations is to increase the discharge capacities of the existing dam system by
using additional spillways/spillways to be constructed during the operation stage.

The most important advantage of the cascade system is that rigid dams can work
as an overall spillway during overtopping. However, this issue is not considered in
assessing the total risk analysis methods. It is appropriate to make a specific renova-
tion to the cascade system in these methods. All of the dams involved in the study,
except two separate dams mentioned above, are built in a rigid dam type, and the
entire body can operate as a spillway during significant flooding. This is one of the
most important advantages of the cascade system of Murat River. Another important
advantage is a Keban dam with a huge storage capacity located downstream of the
system. However, it would be appropriate to withdraw the normal water level to the
elevation of 842 m for the Keban dam. This will also improve the safety of the dam,
which is 48 years old and is of the composite type.
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Chapter?2

Geomembranes in Dam
Engineering

Gabriella Vaschetti

Abstract

Geomembrane systems are used to provide, enhance, or restore watertightness in
dams since 1959. In new construction, they are installed on embankment dams, RCC
dams, and cofferdams, while in rehabilitation they are used on all types of dams. They
can be installed as a full-face liner, or to line parts of the dam where a higher risk of
infiltration is expected, or as external water stop at peripheral and vertical joints and at
contraction joints. They can be exposed to the water of the reservoir or be covered by a
ballast layer; a watertight seal at all peripheries prevents water infiltration underneath the
geomembrane liner. A geomembrane water barrier is a technically and cost-effective sus-
tainable solution. The chapter discusses the design of the state-of-the-art solutions, the
technical and economic advantages, installation aspects, performance, and references,
with significant examples of all available options. A recent solution for underwater place-
ment, developed for repair but applicable also in new construction, will be presented.

Keywords: geomembrane, geocomposite, watertightness, joints, underwater

1. Introduction

Preventing or minimising water infiltration from the reservoir is crucial for the
behavior of a dam because, over time, persistent seepage can make the dam deviate
from its design conditions, ultimately jeopardizing its integrity. To ensure safe opera-
tion over their service life, dams are built to be intrinsically watertight or to have an
upstream or an internal water barrier.

In 1959, synthetic watertight materials were first adopted in dams to substitute
traditional water barriers such as concrete or clay. With a few exceptions (geotextiles
impregnated in-situ with bitumen), these synthetic materials are factory-produced in
form of thin continuous flexible sheets. In 1977 Dr J. P. Giroud proposed to name them
“geomembranes” [1], which is the terminology internationally adopted ever since. When
installed in dams, the thickness of geomembranes is in the range of 2 to 3.5-4 mm.

Several types of geomembranes are available, with different characteristics and
different behavior in service, depending on the components, the formulation, and
on the type of reinforcement if any. The International Commission on Large Dams
(ICOLD) has extensively addressed these issues [2], also giving information on the
number, type, and years of installation for the different types of geomembranes
adopted in dams. Plasticised polyvinylchloride (PVC) geomembranes resulted
to be by far the ones most used in dams. In the majority of applications, the PVC
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geomembrane is heat-bonded at fabrication to an anti-puncture geotextile, to form a
“composite geomembrane”, widely albeit inappropriately known as “geocomposite”
Although the term “geocomposite” is a general term indicating a geosynthetic com-
posed of two different materials, not necessarily including a geomembrane, within
this chapter the term “geocomposite” will indicate a composite geomembrane.

PVC geocomposites and geomembranes are preferred among other types of
geomembranes for dams due to their favorable tensile behavior and puncture resis-
tance. In particular, when it comes to resistance to differential settlements, a study
by Giroud and Soderman [3] has shown that an appropriate combination of tensile
strength and strain is essential. This optimum combination depends on the shape of
the tension-strain curve of the geomembrane, which should show a monotone behav-
ior with possibly no yielding peak, alow modulus, and a large elongation capacity.
The suitability of a geomembrane to resist differential settlements can be quantified
in terms of Co-Energy, a rationale defined by Giroud [3, 4]. The Co-Energy represents
the ability of a geomembrane to withstand a combination of stress and elongation,
which can be representative, for instance, of an in-field occurrence of differential
settlements. The Co-Energy is determined by the area between the tension-strain
curve and the tension axis (i.e., the vertical axis) and expressed as energy per unit
area of the geomembrane. The larger the area, the higher the capability to resist dif-
ferential settlements. Figure 1 shows the definition of the Co-Energy in the monotone
increasing portion of the tension-strain curve of two considered geomembranes: a 3
mm thick SIBELON® geocomposite (SIBELON® PVC geomembrane heat-bonded to
a non-woven geotextile), up to the geotextile break tension, and a 3 mm thick High-
Density Polyethylene (HDPE) geomembrane, up to the characteristic yielding peak.

60
50 |
Co-Energy
3 mm HDPE
(Source GSI GM13)

£
=]

Co-Energy
SIBELON® CNT 4400
3 mm PVC + 500 g/m? gtx

Tensile stress (kN/m)
&
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Tensile strain (%)

Figure 1.

Comparison between co-energy of a 3 mm thick HDPE geomembrane—the darker area—and of the geocomposite
SIBELON® CNT 4400 (3 mm thick SIBELON® geomembrane heat bonded during fabrication to a 500 g/m*
nonwoven geotextile)—the red area.
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Figure 1 clearly shows that the maximum allowable Co-Energy associated with the
SIBELON® geocomposite is significantly greater than the Co-Energy associated with
the HDPE geomembrane. As a result, the factor of safety with respect to a potential
differential settlement is significantly higher for a SIBELON® geocomposite than for
an HDPE geomembrane. It is important to note that a different geomembrane thick-
ness would not produce a different result.

Successful performance of a geomembrane system depends on the physical and
mechanical characteristics of the geomembrane, but also on the design and on the
quality of the installation. A material with potentially optimal characteristics will
still perform badly if the geomembrane system is not properly designed and installed.
Bulletin 135 [2], provides guidelines for the design of geomembrane systems in
different types of applications, and makes recommendations for Quality Control,
installation procedures, specifications, and contracts, with the objective of ensuring
long-lasting efficient water barrier. The sections that follow give an up-to-date over-
view of the various types of applications in new construction and in rehabilitation.

2. Design considerations

The design of a geomembrane system is closely connected to the characteristics
of the dam and of its environment. In addition to the specific competencies related
to geomembranes, the designer of the geomembrane system should have a thorough
knowledge and understanding of the behavior of the dam and of the loads that will be
acting on the geomembrane and possibly work in cooperation with the designer of the
dam in case of new construction, and with the owner in case of rehabilitation.
“Environmental” loads, such as ultra-violet radiation, chemical attack by sub-
stances diluted in the water of the reservoir or by flora and fauna, and vandalism,
influence the selection of the gecomembrane type, thickness, and reinforcement, and to
a certain extent the choice of whether to leave the geomembrane exposed or to cover it.
The mechanical loads are the basis for the calculation of the anchorage system, which
in turn is influenced by the type and thickness of the selected geomembrane.

2.1 Exposed geomembranes

The design of exposed geomembrane systems is based on the concept of keeping
the geomembrane stable, taut to the dam face to avoid an insurgence of wrinkles and
folds where stress concentration can occur, and capable of sustaining the applied
loads. The static load of the water in the reservoir, associated with the conditions of the
surface on which the geomembrane is laid, and the gravity load due to the weight of
the geomembrane itself, will steer the selection of a material capable to resist puncture,
burst, and tensile stresses. The dynamic loads due to uplift by wind when the reservoir
is empty or lowered, by waves, differential deformations, and by earthquakes, are the
parameters for designing the face anchorage system and the perimeter seals.

In the majority of cases, the worst-case scenario is uplift by wind, which will cause
a deformation of the geomembrane and resulting stress on the face anchorage system.
The equations developed for the face anchorage system [5-7] are based on the scheme
shown in Figure 2.

Based on the scheme of Figure 2, being L the length of the undeformed geomem-
brane (Geomembrane before uplift) between adjacent anchorage points A and B, and
20 the angle of the arc of the deformed geomembrane (Geomembrane after uplift), the
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Figure 2.
Schematic representation of an uplifted geomembrane (from Giroud, 1995 and 1997).

equations are used to estimate, depending on the properties of the geomembrane used, the
force S, applied to a unit width of lining between the two adjacent anchorage points,

the displacement and subsequent strain T experienced by the geomembrane lining, and
the resulting perpendicular and tangential stresses applied to the anchorage points.

When designing face anchorage systems for dams located in highly seismic areas,
the worst-case scenario can be the maximum expected seismic event causing open-
ing/widening of a crack when the reservoir is full, and the water pressure will force
the geomembrane from its initial “supported” configuration into a deformed con-
figuration, which must be verified to ensure that the strains in the geomembrane stay
within the acceptable limits. An approach used by geomembrane systems designers
assimilates the phenomenon of deformation due to water pressure to the phenomenon
of deformation due to wind uplift. This same approach is used to verify the capabil-
ity of external water stops to resist the displacements at joints between monolith
blocks in RCC dams, and at peripheral joints and vertical joints between face slabs in
Concrete Face Rockfill Dams (CFRDs).

Another critical component is the perimeter seal, which must maintain its water-
tightness against the applied water head, under any operating condition. Means to
verify the watertightness of tie-down seals in static conditions in the laboratory and
in the field are available. In case the area of the seal is susceptible to differential settle-
ments (i.e., in dynamic conditions) since at present a test to verify watertightness in
dynamic conditions has not yet been developed, design must use the available calcula-
tion methods to ensure that the seal is compatible with the expected event and that
the geomembrane can bridge the differential settlement without sustaining the initial
deformations and tensions induced by it, but only the deformations and tensions due
to the hydrostatic pressure. To analyse at best which geomembrane can better perform
in this respect, the concept of Co-Energy can be used, as mentioned in section 1.

Perimeter seals of the embedded type require a different approach: the watertight-
ness of the seal cannot be verified nor calculated and shall rely on the engineering judg-
ment of the designer for dimensioning the seal, and on the experience, craftsmanship,
and Quality Control procedures of the installer for executing a correct seal. To achieve a
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watertight barrier, in case of a trench filled with low permeability material (e.g., clay) it
will be necessary to correctly execute excavation, filling, and compaction of the trench,
while in case of a slot filled with watertight resin, testing for pull-out, and control of
correct filling of the slot and correct polymerisation of the resin, will be needed.

2.2 Covered geomembranes

Totally covered geomembranes are theoretically protected from environmental
loads, with the possible exception of chemical attacks. For partially covered geomem-
branes, generally adopted for aesthetical reasons or to protect against fall of rocks
at the abutments or vandalism in accessible areas, a face anchorage system may be
needed where the geomembrane is exposed to wind action, depending on the extent
of the exposed area and on the wind speed.

The type and thickness of the cover layer, different depending on the type of dam,
are discussed in section 3. The design shall consider the uplift actions, and, in the case
of embankment dams, the puncture loads exerted by the cover layer and the stability
at sliding of the overall cover system, as further discussed. For the perimeter seals, the
considerations made for the exposed systems generally apply.

3. Applications

Sections 3.1 to 3.3 address the waterproofing of the various categories of dams.
Since the concepts and components are essentially the same, what is discussed here
for full-face waterproofing applies also to waterproofing of parts of the dam where
the leakage is expected/experienced. Section 3.4 discusses waterproofing of joints,
and section 3.5 a special solution for underwater placement.

Geomembrane systems are the most sustainable waterproofing technology for
dams: for all types of applications, the components have small volume and light-
weight, and their installation does not require heavy equipment, so no large areas are
required for site organisation, construction, or processing plants for materials. The
environment and the communities will not be affected by excavations or by heavy
transport, and transport to remote sites not accessible by vehicles will be feasible even
by helicopter at sustainable costs. Since installation is quick and can be carried out in
almost any weather condition, the project will be completed, the dam put in opera-
tion, and the site restored to its foreseen final conditions, or to its initial conditions in
case of rehabilitation, in shorter times.

3.1RCC dams

In new RCC dams, geomembranes are adopted as a water barrier for dams using an
RCC mix with low cementitious content, assuming that the RCC provides the stability
and the geomembrane placed at the upstream face permanently grants watertightness
to the bulk RCC material, to the lift joints and construction joints, and to any thermal
cracks or cracks that may develop due to other causes. With this philosophy of sepa-
rating the static function from the waterproofing function, the cementitious content
can be reduced, pozzolan and fly ash even eliminated, and requirements for place-
ment and quality control of the RCC body can in general be relaxed. Lower cement
content results in lower production of hydration heat, therefore the need to control
the temperature with expensive cooling devices is reduced. GEVC (Grout Enriched
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Vibrated Concrete) or GE-RCC (Grout Enriched RCC) or CVC (Conventional
Vibrated Concrete) at the upstream face can be deleted from the design, and hori-
zontal joint treatment or the bedding mix on lift surface areas can be reduced. It is
thus possible to place one RCC mix over the entire cross-section of the dam without
the interferences caused by placement of bedding mix/CVC. The treatment of the
lift joints may still be needed but only for shear strength and dam stability. Vertical
waterstops and drains can also be eliminated because they are included in the geo-
membrane waterproofing and full-face drainage system. Local material more easily
available and aggregates of less stringent properties can be used for the RCC mix, and
less stringent construction and QA/QC procedures can be implemented. The overall
result is that construction costs and construction time are remarkably reduced, and
quicker filling and operation of the facility can be achieved.

The geomembrane can be installed on the completed upstream face and left in
contact with the water of the reservoir (exposed geomembrane, first project in 1990),
or the geomembrane can be embedded in precast concrete panels used as permanent
formworks to build the dam (covered geomembrane sandwiched between the con-
crete of the panels and the RCC, first application in 1984).

3.1.1 Exposed geomembrane

The exposed configuration is the most frequently adopted worldwide and has been
installed on very high RCC dams like Miel I (188 m, Colombia), Balambano (99.5 m,
Indonesia), Olivenhain (97 m, USA), and Susu (90 m, Malaysia). The geomembrane
liner must be kept stable and taut on the upstream face to avoid it being uplifted by
wind and waves, and to minimise folds and wrinkles where stress concentration can
occur. The state-of-the-art face anchorage system, discussed also in Bulletin 135 [2],
consists of two stainless-steel profiles, the first one in the shape of a U that is secured
to the upstream face, and the second one in a shape similar to the Greek letter Omega,
which is installed at the overlapping of two adjacent vertical geomembrane sheets,
fastened to the underlying U profile, and waterproofed by a geomembrane cover
strip heat-seamed on the liner. In older projects, the U profile was embedded in the
RCC lifts as they were being placed, so that one component of the anchorage system
was already in place when the dam body had been completed. However, this method
presented some drawbacks, and it was gradually substituted: since 2007, the U profiles
are generally installed after RCC placement has been completed. The case history that
follows discusses the typical details for face anchorage, peripheral anchorage, and
drainage and monitoring systems of a recent project on a high RCC dam.

Susu dam in Malaysia is part of the Ulu Jelai Hydroelectric project commissioned
by Tenaga Nasional Berhad (TNB), the largest power utility in Malaysia, for meeting
the surge in demand for electricity at peak hours of the day. Susu RCC dam, 90 m high
and about 512 m long at crest, was designed with an RCC mix of medium-low cementi-
tious content (100 kg/m’ of cement and 80 kg/m’ of fly ash) and an upstream PVC
geomembrane embedded in pre-cast concrete panels used as formworks to place the
RCC (covered geomembrane system). This covered geomembrane solution had been
used for the first time at Winchester dam, in Kentucky, in 1984. The major advantage
of the covered geomembrane system is that the geomembrane is permanently shielded
against potential environmental damage during its service life. However, the geomem-
brane is not shielded against the risk of damage during construction, which actually
has been found to be the highest risk for the integrity of a geomembrane, and the
exposed configuration has some additional advantages over the covered configuration:
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its efficient face drainage system at the design stage allows reducing uplift, and during
service, it allows removing infiltration and saturation water behind the waterproofing
liner, so that saturation levels and pore pressures in the dam are lowered, with benefi-
cial effects on uplift pressures, on safety factors, on AAR phenomena, and on appear-
ance at the downstream face. The drainage system, through measurement of drained
water, allows monitoring of the performance of the waterproofing system on a con-
tinuous basis and can be associated with other systems (Optical Fibre Cables, piezom-
eters) to refine the assessment of the overall behavior of the gecomembrane barrier. An
exposed geomembrane liner can be inspected, controlled, and if needed repaired from
accidental damages, even underwater, over its service life. Based on these consider-
ations, the original design was modified to an exposed drained geomembrane system,
which allowed reducing the cement content and removing the fly ash.

The geomembrane liner is a SSBELON®CNT 4400 composite geomembrane,
formed by a 3 mm thick SIBELON® geomembrane heat-bonded at fabrication to a
500 g/m’ non-woven needle-punched polypropylene geotextile. The geocomposite
is fastened to the dam face along vertical lines of the well-known and afore discussed
patented tensioning system of stainless-steel profiles, at regular 5.70 m spacing; like
in all recent projects, the U profile is fastened by stainless-steel anchor rods embed-
ded in chemical phials. The components of the drainage system are then installed:

a high transmissivity drainage geonet is placed over the entire upstream face of the
dam, and an additional band of geonet, 1 m high, is placed along the bottom perim-
eter of each of the three horizontal drainage sections, to act as drainage collector.
Drainage discharge pipes and ventilation pipes are constructed to reach the two drain-
age galleries at elevations 470 m a.s.l. and 518 m a.s.l., and at crest. In total 10 drainage
compartments, 13 drainage pipes, and 30 ventilation pipes maintain the drainage
geonet at atmospheric pressure. The waterproofing liner is placed over the geonet and
secured with the Omega profiles, as shown in Figure 3.

Figure 3.

Susu RCC dam. From right to left, the vertical U profiles fastened to the dam, the black drainage geonet placed
between them on the upstream face, the waterproofing liner being placed on the geonet, some Omega profiles
providing temporary anchorage against wind uplift, and at the extreme left the Omega profiles permanently
fastened.
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The drainage system constitutes Susu the monitoring system for the behavior of
the geomembrane liner.

The geomembrane system, which extends from crest at elevation 547.90 m a.s.1.
down to the grouting plinth, is divided into three horizontal sections terminating
at elevation 519.00 m a.s.l., at elevation 471.00 m a.s.l., and at the intersection with
the grouting plinth, respectively. In the section below elevation 474 m a.s.l., which is
covered with backfill, the waterproofing geocomposite was protected with a double
layer of geotextile for preventing damage during placement of the backfill.

The geomembrane liner must be sealed at peripheries by a watertight anchorage
preventing water infiltration under the liner. The seal is watertight against water in
pressure around the submersible perimeter, and against rain waves and snowmelt at
crest. In RCC dams, submersible seals are of the tie-down type and made on conven-
tional concrete: typically, they consist of a stainless-steel batten strip fastened with
chemical anchors at 150 mm spacing, rubber gaskets and epoxy resin between the
batten strips and the subgrade, and stainless-steel splice plates at abutting batten
strips - at Susu, they are 80x8 mm in section and were placed along the spillway, the
grouting plinth, the diversion conduits wall, and around the trash rack. At crest, the
seals are more flexible stainless-steel batten strips, 50x3 mm, fastened with expan-
sion anchors at 200 mm spacing, with a neoprene gasket placed between the sub-
grade and the waterproofing geocomposite - at Susu, they were placed at crest out of
the spillway section and at the two junctions between adjacent horizontal sections,
where watertightness was provided with a cover strip of a 3.00 mm thick SIBELON®
C 3900 geomembrane, the same used to waterproof the Omega profiles.

Placement of the RCC, for a total of 731,000 m?, started in March 2014 and was
completed in September 2015. Installation of the geomembrane system started in June
2015 and was completed in January 2016. Completion of the geomembrane system,
for a total of 27,510 m?, was longer than usual because the installation was planned to
match the construction schedule of the dam, therefore performed in three separate
phases: in the first phase, prior to starting of construction of the dam body, the grout-
ing plinth was waterproofed with a geocomposite that was later watertight connected
to the geocomposite lining the upstream face, so to create a continuous impervious
barrier down to the grout curtain; in the second phase, once construction of the dam
body had been completed, the geomembrane system was installed on the dam face;
finally, in the third phase installation of the geomembrane system was completed

Figure 4.
View of the upstream face of Susu RCC dam at completion of the geomembrane system at spillway (left), and at
start of impoundment (vight).
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at the spillway, upon construction of the concrete ogee crest (Figure 4 at left). The
reservoir was impounded shortly after the waterproofing works were completed.

3.1.2 Covered geomembranes

The covered configuration is used mainly in the USA where it was first conceived.
During fabrication of the precast concrete panels that will be used as permanent
formworks to place the RCC, the waterproofing geocomposite is placed on the fresh
concrete, the geotextile side in contact with the panel, and vibrated (Figure 5 at left)
to make the concrete impregnate the geotextile and thus attach the geocomposite
to the panel. The geotextile also has an anti-friction function in case of differential
movements, when if stresses are high it can detach from the geomembrane layer
avoiding possible damage to the water barrier.

After the first row of starter panels, watertight connected to the plinth, has been
placed, a few rows of formwork panels are erected, and their junctions are water-
proofed by strips of geomembrane of the same type used for the panels. A protection
geotextile is then placed on the geocomposite, and the spreading and compacting of
the RCC + upstream additional layers (GEVC, COV; or other) if any starts.

An interesting example, with a mixed configuration to the author’s knowledge
adopted for the first time ever, is Rizzanese, a 40.5 m high RCC dam in the island of
Corsica owned by EDF and used for hydropower. The dam has a central curved spill-
way section, made in RCC up to elevation 534 m, and in CVC at spillway and chute,
and two lateral sections made entirely in RCC up to crest at elevation 546.5 m. The
upstream face is inclined 1H/1V in the bottom part up to elevation 520 m, and vertical
up to crest. EDF designed an RCC mix with 80 kg/m’ of cement, and a PVC geocom-
posite as an upstream water barrier on the entire upstream face. At the inclined sec-
tion under elevation 520 m, the upstream face was made with prefabricated concrete
elements, on which a geocomposite SIBELON® CNT 3750 (2.5 mm thick SIBELON®
geomembrane heat-bonded at fabrication to a 500 g/m” non-woven needle-punched
polypropylene geotextile), was placed and covered by backfill placed on a 1000 g/m*
anti-puncture geotextile. At the vertical section above elevation 520 m, the upstream
face was formed by the precast concrete panels discussed before, embedding a
SIBELON® CNT 2800 geocomposite (2 mm thick SIBELON®geomembrane + a 200 g/
m” non-woven needle-punched polypropylene geotextile).

Figure 5.

Vibrating the concvete to attach the geocomposite to the precast panel (left), and Rizzanese RCC dam seen from
the upstream: the bottom inclined section has not yet been lined, placement of RCC against the panels with
embedded geocomposite + protection geotextile at the vertical section is ongoing (vight).
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A 30 cm thick layer of CVC was placed between the panels and the RCC. At the
spillway, the waterproofing system is prolonged to waterproof part of the verti-
cal sides and the spillway sill, where it is covered by a sacrificial geomembrane to
protect it against possible damage due to the heavy reinforcement and to concreting.
The plinth has been waterproofed at the inclined section on its downstream and
horizontal sides by SIBELON® C 3250, a 2.5 mm thick geomembrane, and at the
vertical section only at the joints, with a Carpi patented external water stop system.
Due to construction issues of the main contractor, the waterproofing system at the
inclined section had to be installed after the vertical section had been completed.
Waterproofing works were accordingly carried out in 2011 at the plinth and at the ver-
tical section (Figure 5 at right) and in 2012 at the inclined section (Figure 6 at left).

In total, the waterproofing system includes 1162 m” at the inclined section and
2124 m” at the vertical section.

3.2 Embankment and hardfill dams

In new embankment dams, the design concepts are to substitute a rigid upstream
water barrier (e.g., concrete), or a traditional core (e.g., clay), with a highly
deformable geomembrane, to construct a Geomembrane Facing Rockfill Dam/a
Geomembrane Facing Earthfill Dam (GFRD or GFED), or a dam with a geomem-
brane core. Due to their tensile properties, gecomembranes can make possible projects
that would not be feasible with other systems, due for example to their capability
to accommodating deformations that would exceed the resistance of a rigid water
Barrier, or resisting differential movements occurring between the deformable dam
body and the rigid ancillary structures maintaining the watertightness of the joints
dam/concrete appurtenant structures.

An upstream geomembrane can enormously simplify the design of an embank-
ment dam project: the dam can be constructed on highly deformable foundations,
zoning of the dam can be modified to some extent, the upstream face can be
constructed steeper so that the volume of fill is lesser, the diversion tunnel can be
shorter and smaller, multiple lines of waterstops (case of CFRDs) can be reduced or
eliminated, connections to concrete structures can be designed to accommodate large
differential movements. Also, a geomembrane is an asset when suitable materials are
not available at the site at acceptable costs (case of clay core dams).

Tman W

Figure 6.
Rizzanese dam. Placing the geocomposite at the inclined section before covering it with anti-puncture geotextile
and backfill (left), and the impounded dam.
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Geomembranes provide additional advantages in terms of reduction of construc-
tion times, constraints, and costs. For example, installation/construction of the
reinforced concrete face slabs in a CFRD, and placement of copper and PVC water-
stops, can have a considerable impact on the overall construction schedule. In dams
with clay or bituminous concrete cores, since the construction of the dam body and
of the core are strictly related, the constraints imposed by the weather conditions, or
any disruption in the placement of the filter material, or in placement/compaction
of the impervious core, will affect the overall rate of construction of the dam. On the
contrary, installation of a geomembrane system is practically unaffected by weather
and can be scheduled in function of the schedule of construction and operation of the
dam: the geomembrane can be installed when the dam is completed, or in the lower
completed part of the dam while construction of the fill is ongoing in the upper part.
In case of floods during construction, the already waterproofed lower part of the dam
will be a barrier against the flood, increasing the safety of the project.

3.2.1 Exposed geomembranes

With an exposed system, zoning is not strictly required, a single fill material can
be used, the thickness of the drainage layer can generally be reduced, and, depending
on the design of the dam, it can act also as a base/anchorage layer for the waterproof-
ing geocomposite. To maintain the liner stable on the upstream face there are basically
three available configurations for the face anchorage system, depending on if the dam
is raised with extruded porous concrete curbs as a finishing layer (Itd method), or if a
traditional embankment is constructed.

When the upstream finishing layer is made by extruded porous concrete curbs, the
face anchorage system is constructed by embedding in the curbs, while they are being
raised, geocomposite anchor strips of the same type constituting the waterproofing
liner. An anchor strip fixed to one curb overlaps the anchor strip fixed to the preced-
ing curb, and the overlapping strips are heat-seamed to form continuous anchor lines.
When the embankment has been raised to the final or pre-established height (case
of staged construction), the waterproofing geocomposite sheets are deployed over
the anchor strips and heat-seamed to them, to form a continuous watertight lining
(Figure 7).

Waterproofing geocomposite

Geocomposite anchor strip

Figure7.
Face anchorage with SIBELON® CNT geocomposite anchor strips embedded in curbs. At right the geocomposite
being placed on the anchor strips at Nam Ou VI 88 m high rockfill dam in Laos.
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This system has been applied in several projects, such as Nam Ou pictured below,
Las Bambas GFRD in Peru (Figure 8), whose staged installation has so far reached
173 m, at the top part of Runcu 91 m high GFRD in Romania, at the top part of Rogun
cofferdam in Tajikistan, whose staged installation has so far reached 80 m, and which
will be incorporated in a 335 m high rockfill dam.

In dams where the finishing layer is not formed by extruded porous concrete curbs,
depending on site-specific construction methods and type of supporting layers, the face
anchorage system can be made by trenches or by deep anchors (Figure 9), positioned
according to site-specific patterns that are a function of the uplift loads. If trenches are
used, geocomposite anchor bands are embedded in trenches excavated in the compacted
base layer, forming continuous anchorage lines. The trenches are generally backfilled
with draining material (porous concrete or granular material), and the waterproofing
geocomposite is heat-seamed to the anchor bands. The deep anchors face anchorage
system consists of grouted anchors or earth “Duckbill” anchors that are driven into
the embankment to provide the required pull-out resistance. The waterproofing geo-
composite is anchored to the dam face by punching/clamping it over the anchors. A
stainless-steel disk, an anti-puncture geotextile, and a geomembrane cover strip ensure
watertightness where the anchors cross the waterproofing geocomposite.

The perimeter seals preventing water infiltration under the liner are as described
for RCC dams when made on concrete. The bottom perimeter seal can also be made
by embedding the waterproofing geocomposite in a trench that is then backfilled with

Figure 8.
Staged installation on curbs at Las Bambas dam, now reaching 173 m.

Geomembrane

Waterproofing cover strip

geocomposite

! Waterproofing
| geocomposite

= Deep
grouted anchor

Geocomposite vy . Trench
anchor band

Figure 9.
Face anchorage by trenches and by deep grouted anchors.
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low permeability material. The drainage system is site-specific and also in function of
the construction procedure for the dam.

Examples of applications of anchorage by trenches are the bottom part of Runcu
91 m high GFRD in Romania, Murdhari 36 m high dam in Albania, Pico da Urze 31
m high dam in Portugal (Figure 10), Bulga 17 m high dam in Australia, and new
reservoirs for pumped storage schemes in the Middle East and Morocco. Examples
of applications of deep anchors are Filiatrinos 55 m high hardfill dam in Greece,
Ambarau 21 m high hardfill dam in Congo and a section of the new Panama Canal 18
water-saving basins.

3.2.2 Covered geomembranes

In the covered system, the geomembrane can be placed at the upstream face and
be covered with concrete or granular ballast that will provide the face anchorage, or
it can be embedded in the dam as a zigzag central core or upstream inclined core.

The design shall allow the waterproofing geomembrane to freely deform, minimising
tensions due to movements in the subgrade on which the geomembrane rests. The
puncture loads exerted by the cover layer, and the stability at sliding of the overall
cover system shall be considered. The geomembrane is generally sandwiched between
two geosynthetic layers that act as anti-friction layers and provide anti-puncture
protection from the adjacent materials.

Examples of upstream covered systems are Bovilla 91 m high dam in Albania
(Figure 11 at left, unreinforced concrete cover), and Adret des Tuffes-Les Arcs 21 m
high dam and reservoir in France (granular cover). A geomembrane core has been
installed at Gibe III 50 m high rockfill cofferdam in Ethiopia, zigzag central geomem-
brane (Figure 11 at right) that was preferred to a clay core and to a concrete or asphalt
concrete facing respectively because of lack of local availability of material suitable
for an impervious core, for sake of safety, simplicity (it would allow the realization
of an embankment of homogeneous rockfill, with optimization in construction times
and costs), and timing, as it would allow completing the construction within a very
short construction period. An upstream inclined core waterproofs the bottom 65 m
high section of Rogun cofferdam in Tajikistan.

Figure 10.
Installation of waterproofing liner over anchor trenches at Pico da Urze dam.
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Figure 11.
At left Bovilla dam, at right Gibe III 50 m high cofferdam.

3.3 Concrete and masonry dams

In concrete and masonry dams, geomembranes are used to restore watertightness.
They are always installed at the upstream face, in an exposed position unless site condi-
tions require a partial cover layer. The state-of-the-art face anchorage system is the
tensioning system described for exposed geomembranes in RCC dams. What is already
discussed for these dams about perimeter sealing and drainage and monitoring systems
applies also to these projects. Geomembrane systems that can be installed underwater
are available for total and partial repair. They can be installed at any depth and provide
long-term solutions when total or partial dewatering is not feasible or too costly.

3.4 Joints

Geomembrane systems can be conceived also for localised sealing, in form of
“external waterstops”, in new construction, and as a repair method.

In new construction, external waterstops are applied over the monolith joints of
RCC dams and over the peripheral and vertical joints of CFRDs. The main technical
advantage as compared to conventional embedded waterstops is that, thanks to a
typical 40-50 cm width of waterproofing geocomposite free to slide and distribute
stresses, they can bridge large openings providing permanent protection against
localised leakage.

The design of external waterstops generally includes one or more geosynthetic
layers, of different kinds and thicknesses depending on the extent of the movements
expected by the designers of the dam and on the maximum water pressure. A typical
external waterstop (Figure 12) comprises

* A single or multi-layered site-specific support/anti-puncture/drainage system,
placed over the joint, in the area of the possible opening

* A waterproofing layer, typically the geocomposite already discussed in the previ-
ous sections, placed over the support layer, and anchored independently from it,
to cover the joint, over an area exceeding by at least 200-250 mm on each side the
area of possible opening of the joint

* A watertight perimeter seal of the tie-down type.
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1. Geomembrane
2. Perimeter seal
3. Drainage layer

T/—- = -—\T 4, Support layer
5. Anti-puncture layer

6. Joint/crack

Figure 12.
Scheme of external waterstop (excerpt of ICOLD Bulletin 135).

The support/anti-puncture/drainage layers (Figure 13) avoid that the waterproof-
ing geomembrane layer in contact with the water of the reservoir can be forced by
the water pressure to intrude in the open joint. In dams located in seismic areas,
the extent and frequency of the seismic cycles play an important role because they
can cause an increase in water pressure that must be estimated and duly considered
when designing the waterstop so that the admissible geomembrane elongation is not
exceeded during and following the seismic event.

The most critical scenarios generally occur at the joints between a deformable
embankment dam body and a rigid concrete appurtenance, or at construction joints
of adjacent structures that may be subject to differential displacements, or in new
CFRDs where the peripheral joint between the plinth and the face slabs is expected
to have openings that will exceed the strength of the embedded waterstop, and
therefore an additional waterproofing barrier is needed for safe operation. At such
locations, it may be necessary to allow for an additional length of material so that the
geomembrane liner can bridge the joint without sustaining the initial deformations
and tensions induced by the opening of the joint, but only the deformations and
tensions due to the hydrostatic pressure. The extra length can be created by placing
under the waterproofing geomembrane liner a thick double-folded geotextile, or by
inserting the external waterstop into a slot/recess formed at the joint. The extra length
reduces the strain on the waterproofing geomembrane and ensures that the waterstop

Figure 13.
Detail and view of external waterstops installed at monolith joints of Platanovryssi 95 m high RCC dam
in Greece.
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deforms sufficiently to remain in contact with the surface on which it rests. In case the
expected openings are very large, say in the order of tens of centimeters, the support
layer is a high-tech textile (Figure 14) with a high modulus of elasticity and high
tensile strength, which develops minimum elongations and high tensions, and thus
restrains the deformation and consequently the tensions in the overlying waterproof-
ing geomembrane.

The same concept (support/anti-puncture/drainage layers + waterproofing layer +
watertight perimeter sealing) is used in the repair of failings joints and cracks, where
conventional sealing methods, such as grouting and injections, often require recur-
rent interventions and put a strain on the maintenance costs and may not be adequate
in case of large openings, which on the contrary geomembrane systems can accept.

Similar to other repair methods with geomembranes, also external waterstops have
been adapted for underwater applications.

3.5 Special solution for underwater placement

A special solution for underwater placement, recently developed for repair
of canals without stopping or reducing the water flow, is applicable also in new
construction. This innovative system, the SIBELONMAT®, consists of two geomem-
branes connected to form a mattress, which is placed underwater covering the whole
embankment to be watertightened, is temporarily anchored, and then filled with
cement grout. The bottom geomembrane provides watertightness, the cement grout
provides permanent anchorage by ballast, and the upper geomembrane provides
containment for the fresh grout and enhances the hydraulic efficiency of the mattress
due to its smoothness. The mattresses, prefabricated in panels of 10 m width and
predefined length (Figure 15 at left), are connected underwater by watertight heavy-
duty zippers. The system has proven its efficiency in a few pioneer pilot projects in
flowing water (Figure 15 at right), which have shown that as more experience is
acquired, improved design can be developed. Already under study are new compo-
nents and equipment to improve and industrialise the system, with the objective of
reducing installation times and costs. Such a system could be used for underwater
lining of embankment dams and for blanketing, opening new scenarios that can
potentially provide huge savings to the owners.

Figure 14.
High-tech support textile and waterproofing geocomposite at Angostura 32 m high 1.6 km long concrete face
gravel dam, Chile. External waterstop on peripheral and vertical joints designed to vesist joint openings up
to 300 mm.
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Figure 15.
The SIBELONMAT® panels under fabrication (at left) and injected and sealed at Kembs dike, part of the
Grand Canal d’Alsace navigation canal in France.

4. Conclusions

Geomembrane systems are designed to allow the construction of safe dams,
including dams of considerable height, with simple procedures that accommodate
demanding scenarios and schedules, with sustainable environment-friendly solu-
tions. They allow completing the waterproofing system for the dam in a shorter time
and at lower costs than traditional water barriers. In form of external waterstops,
they provide and maintain watertightness under loading conditions that would not
be acceptable for embedded waterstops. They are a mature and reliable technology, as
proven in hundreds of projects worldwide. They can be installed underwater, provid-
ing a long-term solution with no environmental impact.
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Chapter 3
Managing the Quality of the
Impounded Water

Jonathan A. French

Abstract

Design, construction, and operation of a dam should involve planning and careful
consideration not only of the foundation and mass of the dam itself but also of the
proper management of the reservoir, and of communities displaced by the reservoir,
and impacted in any way upstream or downstream. Many management problems
involve a reservoir’s density stratification, resulting in low oxygen, phosphorus
release, and hydrogen sulfide (H,S) in the lower layers. Control measures include
selective withdrawal and artificial aeration. Case examples are given. Other problems
introduced by damming are often best dealt with by measures slow and well-consid-
ered, as illustrated by examples. References for further study are provided.

Keywords: stratification, aeration, social impacts

1. Introduction

A dam is the parent of an impoundment, a reservoir, a lake not formerly present. If
such a lake develops quality problems, its parent, the dam, bears some responsibility. A
range of lake problems can be foreseen, as discussed in the following sections.

Many problems involve the density stratification of a lake (Section 2). Density
stratification often leads to thermal stratification, depleted oxygen in the lower layer,
and the release from bottom sediments of nutrients causing algal blooms. To address
these problems, mitigating measures can be provided in the design and operation of
the dam, as well as in control of contaminant inflows to the reservoir (Section 3).

In turn, the mitigating measures usually come with side effects, good or bad, and
sometimes costs. Management measures upstream, in, and downstream of reservoirs
should be undertaken slowly and carefully (Section 4).

This brief chapter may serve as a literature survey of the management and envi-
ronmental impact issues introduced.

2. Stratified reservoirs

Many reservoirs, natural or created by dams, become density-stratified.
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2.1 Definitions

Figure 1 is a schematic profile of a density-stratified reservoir. The dam is on the
left. It has a gated spillway in its upper parts, and a valve and metered withdrawal exit
port at its lowest point, i.e. a low-level sluice. An intake tower with ports at several
elevations to abstract water for treatment and production is shown at the right in this
schematic diagram, although it may actually be placed next to the dam. (Note that
usually only one abstraction port is open at a time).

The upper part of the reservoir is the epilimnion. Below it lies the slightly denser
hypolimnion. They are separated by the pycnocline, a layer where the rate of change in
density with respect to depth is greatest.

Interestingly, the pycnocline is a region that often sees a high concentration of
plankton. Harder [1] has observed that plankton, originally homogeneously distrib-
uted throughout a volume containing two bodies of water of different densities, will
tend to congregate at the density interface, i.e. the pycnocline. Fish are there, too, to
feed on the plankton.

2.2 Causes
Density stratification is often a natural phenomenon, due to:

* Solar warming of the epilimnion, rendering it less dense (except at
near-freezing temperatures);

* Tributary inflows of cooler water from upstream, which upon entering the
reservoir plunge to join the hypolimnion;

* Salinity intrusion from downstream, if the dam is separating the reservoir from
the sea or a saline estuary.
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Figure 1.

Schematic profile of a density-stratified reservoir.
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2.3 Problems caused by density stratification

In turn, density stratification inhibits vertical mixing, especially across the
pycnocline. Impaired vertical mixing leads to the reduction of dissolved oxygen
in the hypolimnion. The (impaired) downward diffusion of oxygen through the
pycnocline may be estimated as follows: assume the diffusive flux to be F = —Kdc/
dy, where K is the vertical diffusion coefficient and dc/dy is the vertical gradient
of dissolved oxygen concentration. While in general K is a function of vertical
gradients in ambient velocity as well as density gradients, Koh and Fan [2] showed
that, as a rough approximation in the ocean, K can be related to the vertical density
gradient alone:

K z(1o4*)/e 1)

where e = (1/p) (dp/dy) is the vertical relative density gradient expressed in m}, and
Kis expressed in cm?/s; and where 4 x 10’ m ' <e <102 m™.

Low DO leads, in turn, to problems such as the release of phosphorus from sedi-
ments, which in turn enables algae blooms on the surface. In extreme cases, the reduc-
tion in dissolved oxygen results in fish kills, unpleasant odors, and even downright
dangerous hydrogen sulfide (H,S) concentrations onshore near the reservoir, and
unattractive quality if hypolimnion water is withdrawn for production. This issue is
discussed further by Thomann and Mueller [3], among others.

3. Management measures
3.1 Selective withdrawal, selective abstraction

A reservoir should be able to spill downstream, and not just from a surface spill-
way. Water for use should be withdrawn, and not just from the reservoir bottom.

If a reservoir is stratified, the poorer quality water is usually (but not always)
found in the lower layers.

Figure 2(a) illustrates a discharge strong enough to overcome buoyancy forces
both in the hypolimnion and in the pycnocline. The flow pattern approaches that of
potential flow in a homogeneous medium. Water from below and above the outlet
elevation, perhaps even epilimnion water, is withdrawn. This arrangement is partially
satisfactory in the example of Reservoirs C and E, described below, and would greatly
improve the product of Reservoir D.

Figure 2(b) illustrates a condition in which withdrawal is exclusively from the
hypolimnion, without greatly disturbing the pycnocline. The withdrawal through an
outlet port is kept sufficiently small that it “sips” water from a thin layer at the outlet
level, somewhat like extracting very few paper sheets from the middle of a stack of
papers. The water removed is replaced by the waters above, from the surface down
through the epilimnion and the pycnocline to the withdrawal level, descending nearly
as a block (except as disturbed by wind or inflows).

Selective withdrawal is discussed in more detail by Imberger in Chapter 6 of
Fischer et al. [4], and by Bryant and Wood [5], among others.
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Withdrawal flow patterns. From Imbergey, in Fischer et al. [4]. (a) Discharge is strong enough to overcome
buoyancy forces both in the hypolimnion and in the pycnocline. (b) Strong stratification in the hypolimnion, with
small discharges.

3.2 Examples

Reservoir A. This artificial body of water, 85 ha in area and 22 m deep, tends to
stratify due to solar heating of its epilimnion. Its withdrawal system consists of a
tower such as shown at the right side of Figure 1, with a choice of several depths from
which water can be withdrawn for treatment and production. Epilimnion water is
usually of the best quality, but it may be advantageous to withdraw from lower layers,
as long as they are acceptable, to keep the hypolimnion from becoming a stagnant
body of water with no exit.

As will be discussed below, this reservoir also has an aeration system working in
tandem with the withdrawal tower, to keep the lower layers sufficiently aerobic [6].

Reservoir B was formed by damming a tidal estuary. It soon encountered water
quality problems, including high salinity in the water withdrawn for production. The
problems were attributed to (a) the sill of the gated spillway being set so low, and the
gate seals insufficiently tight, that they admitted seawater at high tide; and (b) there
was no low-level sluice available to preferentially void the most saline water at low
tide. Recognizing these faults led to improved design in a later attempt to convert a
tidal estuary to a freshwater reservoir (Reservoir E, below) [6].

Reservoir C receives only freshwater inflows, but thermal stratification leads to
low dissolved oxygen in the hypolimnion. Bottom withdrawal for production serves
to drain the least good water and keeps the hypolimnion from becoming any worse
than it already is. However, the depressed oxygen level is insufficient to prevent the
reduction of POy, hence, the release of P from sediments. This results in major algal
growths on the surface.
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Expensive and somewhat problematic large-scale dosing of CuSO, has been
undertaken to control the algal growths. Also, major efforts are undertaken to control
the inflow to the reservoir of raw sewage and its oxygen-demanding constituents by
upgrading sewerage and treatment in bordering slum areas [7, 8].

Reservoir D, a few kilometers distant from Reservoir C, has a withdrawal point
only at mid-depth, near its dam. Its hypolimnion waters are of very poor quality, and
lack of a low-level sluice has meant that the hypoxic lower layer could not be easily
removed, with taste and odor problems propagating upward even to the water take-
off level [6].

Reservoir E: Conversion from seawater to freshwater. A freshwater impoundment
can be created by placing a dam across the mouth of a saline tidal estuary to convert it
to a freshwater reservoir. When completed, the pool level should be kept higher than
the highest local sea tide. The spillway crest is set well above mean tide level, and the
spillway gates are made as water-tight as feasible. A low-level sluice is provided to
release water from the lowest point in the impoundment out to sea. After the conversion
is complete, freshwater for production is to be withdrawn from either of two depths.

The low-level sluice is equipped with a valve, a venturi flow gauge, and a sali-
nometer. Whenever the salinity reading exceeds that suitable for potable water, and
there is a net pressure gradient in the sluice towards the sea, the valve can be carefully
opened to release the impounded saline water to sea.

This arrangement permits a new impoundment to be converted from seawater to
potable freshwater within a time period depending on the rate of freshwater inflow
and the volume of the reservoir, without the need to first pump the impoundment dry
of its original seawater. At Lower Seletar Reservoir in Singapore, the conversion took
about 1 year to accomplish (Figure 3) [9].
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Measured and predicted rate of desalination in Reservoir E.
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3.3 Air-bubble mixing and hypolimnetic oxygenation

A mechanism not directly connected to the dam but often operated in associa-
tion with withdrawal strategies is air-bubble induced circulation. A relatively simple
system consisting of air blowers/compressors on shore, an air-feed tube leading from
the blowers to a local deep spot on the lake bed, and an air diffuser at that spot on the
lake bed, provide a means both to enhance mixing of epilimnion and hypolimnion
waters through the pycnocline and to oxygenate the hypolimnion (Figure 4).

In 1970 Cederwall and Ditmars [10] undertook an early study of the mixing of a
water body by an air-bubble plume. In 2012 Lima Neto [11] modeled the liquid vol-
ume flux in bubbly jets using a simple integral approach. An extensive discussion of
air-bubble columns, hypolimnetic oxygenation, and the air flow rates in many actual
installations is provided by Cooke et al. [12].

3.4 Examples

Charles River Basin. Originally the Charles River flowing between Boston and
Cambridge, Massachusetts, USA had been a saline tidal estuary to Boston Harbor and
the Atlantic Ocean, with a 2-m tide range. As a cosmetic measure, a dam was con-
structed near its mouth ca. 1910 to maintain a consistently high pool level. However,
the dam still allowed a very saline hypolimnion to persist—devoid of dissolved oxygen,
and rich in hydrogen sulfide. The density difference was so great that boils from the
hypolimnion rarely surfaced, and nuisance sulfide odors at the surface were very rare.

However, plans to build a new and better dam led to fears that the density difference
would be weakened, allowing more frequent occasions of hypolimnion water reaching
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Air bubble column from air diffuser on lake bed, inducing water circulation patterns.
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the surface and causing widespread nuisance and perhaps even dangerous H,S conditions
in the heart of the city. A means was sought to eliminate the H,S from the lower layer.

Following a successful test, a set of six air-bubble diffusers was deployed over a
3-km length of the Basin. A bed of crushed stone supports each diffuser assembly
consisting of a fiberglass cradle and an adjustable rack. The rack holds the diffuser in
place and is so constructed that it can be adjusted vertically by about 1 m to provide
equal air distribution along the entire length of the diffuser. The diffuser is the 5-m
long end of the 75-mm diameter polyethylene pipe from shore. It has four rows of
3-mm diameter holes placed at quarter points around the diffuser pipe’s circumfer-
ence. The holes are spaced 50 mm in the center, and each row is aligned off-center to
its adjacent row. A reverse flow check valve is at the intake end of the diffuser and a
cleanout flange is provided at the other, normally closed, end. The airflow rate to each
of the diffusers is of the order of 0.14 standard m’/s.

This diffuser system did not fully mix the very strongly stratified upper and lower
layers, but it did largely eliminate the H,S and replace it with some dissolved oxygen
[6, 13-15].

Reservoir A. In addition to the multi-level abstraction tower described for
Reservoir A above, it was deemed wise to provide a means to ensure vertical mixing
for adequate dissolved oxygen at all levels in this 22-m deep impoundment. A single
air diffuser, of design similar to those in the Charles River Basin described above, was
installed at the deepest point. It successfully kept DO levels adequately high through-
out the whole depth and 85-hectare lateral extent of the water body.

Based on this success, similar aerators were installed in other reservoirs in the
neighborhood, and have been operating there for nearly four decades [6].

Running costs, it should be noted, especially for electricity, can become signifi-
cant for an aeration system kept operating on a long-term basis. For most efficient
operation, it is best to choose blowers/compressors that are rated for the pressure and
flow rate they face. This can be difficult for water depths of the order of 20 m, which
make for pressures high for most blowers, but low for most compressors. Again, see
the extensive discussion of air-bubble columns, hypolimnetic oxygenation, and the
airflow rates in many actual installations by Cooke et al. [12].

An example of aeration failure was the attempt to eliminate H,S odors emanat-
ing from the Kai Tak Nullah, a heavily polluted waterway right next to the runway at
Hong Kong’s old airport. The failure of a pilot aeration program in the waterway to
raise the near-zero dissolved oxygen level was tentatively attributed to the relatively
high tidal current to and fro above the diffuser [6].

4. Impacts upstream and downstream of a dam

Large dam projects are often planned and debated for a number of years before
being built, in order to optimize their benefits and to minimize their adverse impacts;
yet some less desirable results still ensue. Obeng [16] describes four large dam
projects in Africa. Lake Kariba was formed by damming the Zambezi River in 1958.
Although hydroelectric power was realized and fish grew abundantly in the reservoir,
there were problems including population resettlement, deoxygenation, seismic
tremors, an explosive bloom of Salvinia auriculata, and schistosomiasis. The impacts
on local populations by the Kariba Dam on the Zambezi River bordering Zambia and
Zimbabwe have been studied extensively over the past half-century by Dr. Thayer
Scudder and his associates [17].

39



Special Topics in Dam Engineering

Kainji Dam on the Niger River in Nigeria was intended for hydroelectric power,
flood control, navigation, irrigation, and fisheries [16]. It has met many of these
objectives; advance planning has helped to mitigate, although not entirely obviate
adverse effects such as algal blooms and schistosomiasis.

Lake Nasser, formed by The Aswan High Dam on the Nile River in Upper Egypt
formed an impoundment known as Lake Nasser in Egypt and Lake Nubia in Sudan.
As intended, the dam has contained floods, produced hydroelectricity, stored
water, and contributed to fisheries, but it is the adverse effects: environmental,
affecting the health of the people, and threatening the limestone foundations of
many of the Pharaonic monuments that have brought the most criticism of the
project [6, 16].

The dam project on the Volta River in Ghana, proposed as far back as the early
1920s, was well studied and planned. However, perhaps due to pressing economic
interests, the forestalling of possible environmental impacts did not receive adequate
attention during construction [16]. The resettlement of some 80,000 displaced
people, though well planned beforehand, was in the event rushed and poorly executed.
Eventually, however, the dam fulfilled the intentions for which it was built.

For another example, in 2021 the quick filling of the reservoir behind the dam on
the Blue Nile in Ethiopia has been of heated international concern to Sudan and Egypt
[18]. Ozis [19] has discussed the quantity and quality implications in the upstream
and downstream dimensions of damming on the Euphrates and Tigris Rivers in the
Middle East. Anderson [20] discusses the impacts of the Three Gorges Dam on the
Yangtze River in China.

The operators of a reservoir should anticipate a large storm inflow and may decide
to draw down the reservoir to accommodate it. However, the suddenness of the
drawdown can leave riparian groundwater levels unbalanced by the reservoir, to the
extent that major landslides into the reservoir cannot be held back, and the suddenly
displaced water overtops the dam and causes catastrophic flooding downstream. A
prime example is the Vajont Dam flood near Belluno, Italy in 1963, caused by 260
million cubic meters of rock sliding abruptly into the reservoir [21].

A low coastal dam can be called a barrage. Burt & Watts [22] have edited the pro-
ceedings of an international conference held in 1996 in Cardiff, UK titled, “Barrages:
Engineering Design and Environmental Impacts.” The 39 professional papers cover
Concepts and Issues; Environmental Implications; Changing Estuaries; Cardiff Bay’s
Hydraulic Regime; the Cardiff Bay Barrage; Ecological Issues; Water Quality; Costs,
Benefits and Decisions; Tawe Barrage; River Flows and Control; and Planning and
Control.

5. Conclusion

Density stratification often happens normally in a natural lake or an impound-
ment behind a dam, due to factors such as solar heating of the upper layers or colder
or saltier water intruding the lower layers. Density stratification inhibits vertical
turbulent mixing, particularly across the pycnocline, the elevation where the change
in density with respect to depth is greatest.

Inhibited vertical mixing can lead to depressed dissolved oxygen levels in the
hypolimnion (lower layers), particularly if the lake is subject to sewage or other
oxygen-demanding inflow. Low oxygen, in turn, releases phosphorus from sediments
to feed algal and other phyto-blooms on the surface.
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The adverse effects of stratification can be ameliorated by the selective withdrawal
of water, to waste, or to abstraction, from the upper or the lower layers, as deemed
wise. Air-bubble columns have been used to reduce the intensity of stratification and
to increase the oxygen level in the lower layers.

It is important to try to anticipate the possible adverse impacts that the construc-
tion of a dam, and the creation of its impoundment, may have on the affected popu-
lation, environment, and geology nearby, upstream, and downstream. As discussed
above, the possible impacts are many and varied. Field conditions from site to site
may vary sufficiently that simple import of one solution to a problem, successful
at one place, may not necessarily work well at another, as noted for Kai Tak Nullah.
The best advice is to move forward slowly and carefully with implementation.
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Chapter 4

Analysing the Possibility of Failure
of Cascade Dam System and a Case
Study from Brazil

Angélica Luciana Barros de Campos,
Ruben Jose Ramos Cardia and Welitom Ttatom Pereiva da Silva

Abstract

A cascade dam system poses more hazards for downstream life and structures, when
compared with a single dam located on a river. Therefore, there is a need to develop
differentiated procedures to classify and regulate these dams. In the state of Mato Grosso
(MT), Brazil, it is common to find multipurpose dams, which can be considered asa
cascade, when a dam failure causes adverse effects in downstream dams. The objective
of the study is to analyse the possibility of dam failure located in the cascade system
operated by the municipality of Varzea Grande, MT by the Associated Potential Damage
(APD) classification used throughout the country. In order to do this, the specification
namely “Simplified Methodology to Define the Classification Flood Zone of Associated
Potential Damage of a Dam” developed by the National Laboratory for Civil Engineering
in Portugal (LNEC in Portuguese) was utilised. This specification was adapted by the
National Water and Sanitation Agency (ANA in Portuguese) in Brazil. In the case study,
there are three dams (Dam 1, Dam 2 and Dam 3) in the cascade system. Dam 1 can cause
overtopping problem for Dam 2 and Dam 3. According to APD classification, dams
considered for the study are categorised as “high dam”.

Keywords: dam safety, dam failure, dam classification

1. Introduction

The increase in the number of dams has increased the concern with the safety of
these structures [1]. Major accidents with dams have drawn attention to this problem,
as failures in these structures can cause irreversible environmental damage, as well as
human and animal deaths.

Advantages in the implementation of cascade dam projects have made this con-
ception commonplace and risk analysis a complex activity. The advantages of these
projects include simplifications derived from decentralisation (lower cost, imple-
mentation time and complexity to comply with legislation); the possibility of storing
water to generate electricity in downstream dams; the transformation of stretches
that are not navigable into waterways; full use of the flow of water; the development
of rolling projects; and coordinated dispatch of energy [2-4].
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Within this context, numerous studies have been developed to provide subsidies for
operation, maintenance and decision-making in the area of dams. Some of these studies
are briefly presented in the sequence. In a work on the Dadu River basin, one of the
main rivers in China, transmission risk and overtopping between dams in cascade reser-
voirs were studied [3]. Dam risk was divided into two parts: own risk and additional
risk. Based on this, a methodology that considers the relevant concepts and equations
for calculating the risk probability of dams in cascade reservoirs was proposed. The
results indicated that the proposed methodology realises an effective connection with
the risk calculation of the single-reservoir dam method, which can provide a reference
for the risk assessment and management of cascaded reservoirs in the basin [3].

The research focused on the genetic-algorithm-based optimisation of rule curves
to maximise hydropower and associated benefits through cascading reservoirs [4].
The optimisation was performed using RESOOSE model and applied to multipurpose
Diamer Basha and Terbela reservoirs on Indus River in Pakistan. According to [4], the
results show that hydropower was optimised along with the maximisation of associ-
ated benefits (power generation, irrigation and sediment discharge).

A study to describe the principles of dam risk classification methods, the
International Commission on Large Dams (ICOLD) method and the Bureau method,
and comparatively discussing total risk classifications was carried out by Topcu and
Tosun [5]. In conclusion, the following stand out: the safety assessment for cascade
dams should be different from that of a single dam; the rupture of any dam in a cascade
structure may result in overtopping or breakage of the dam or dams downstream; the
probability of rupture of any dam in a cascade structure is higher than that of a single
dam; and a new safety concept should be developed for dams in a cascade system [5].

2. Theoretical background

Some topics considered important for the study of dam safety in Brazil are pre-
sented in the following.

2.1 National dam safety policy

In this context, the National Dam Safety Policy (PNSB in Portuguese), established
by [6] and amended by [7] aims to ensure that dam safety standards are followed
(mainly by developers) to reduce the possibility of accidents and their consequences,
as well as regulate safety actions and standards. The policy defines a dam as any
structure built inside or outside a permanent or temporary watercourse, in a thalweg
or in a diked pit, for the purpose of containment or accumulation of liquid substances
or mixtures of liquids and solids, comprising the dam and associated structures.

2.2 Dam safety plan

An important instrument of the National Dam Safety Policy, which must be imple-
mented by developers, is the Dam Safety Plan (PSB in Portuguese), whose objectives
are to assist and serve as a planning tool in the dam safety management. In the Dam
Safety Plan structure, the information and technical data of the dam referring to
construction, operation, maintenance and the overview of the current state of safety,
obtained through regular periodic inspections, must be documented. For multipur-
pose dams inspected by the National Water and Sanitation Agency, this agency issued

46



Analysing the Possibility of Failure of Cascade Dam System and a Case Study from Brazil
DOT: http://dx.doi.org/10.5772/intechopen.1000202

[8] establishing the implementation of procedures, including the minimum content
and level of detail of the Dam Safety Plan.

Depending on the conditions of each dam, the Dam Safety Plan may require
preparing up to six volumes, distributed as follows: Volume I—General Information;
Volume II—Technical Documentation of the Project; Volume III—Plans and
Procedures; Volume IV—Records and Controls; Volume V—Periodic Review of Dam
Safety (PRDS); Volume VI—Emergency Action Plan (PAE), when required.

2.3 Dam classification

Dams can be built for various uses, including irrigation, aquaculture, human water
supply, industrial water supply, animal watering, leisure, fishing, electricity genera-
tion and disposal of mining and industrial tailings, among others.

Dam classification consists of an instrument of the National Dam Safety Policy
and is a procedure normally carried out by inspection bodies, following the criteria
of [9], and was established by the National Water and Sanitation Agency, the Risk
Matrix and Associated Potential Damage. It is known that currently (in 2022), there
are negotiations to be carried out with the updating and adequacy of the Brazilian
National Council of Water Resources (CNRH) definitions and recommendations.

According to the aforementioned law and its amendments, the definition refers to the
classification of the dam risk category (DRC) by the associated potential damage (APD)
and by its reservoir volume. In the DRC, aspects that may influence the possibility of an
accident or disaster are verified, taking into account the technical characteristics and the
state of conservation, and the Dam Safety Plan, that is, the conditions of the risk of dam
accidents due to failure or lack of adequate actions, is the developer’s responsibility.

On the other hand, the APD refers to damage that can occur due to failure, leak-
age, infiltration into the soil or malfunction of a dam, regardless of its probability
of occurrence, to be graded according to the loss of human life and social impacts,
economic and environmental.

The dams must be classified into five classes (A, B, C, D and E, presented in
(Table 1), and those that present a higher degree classification, in the risk category
scale and associated potential damage, must prepare a more complete plan.

Currently, Brazil has 22,649 dams registered by 33 inspection bodies in the
National Information System on Dam Safety (SNISB in Portuguese). There are 6507
dams assessed by DRC, and of these 2503 were classified as high DRC; there are 1388
dams assessed by APD, and of these 871 were classified as high APD.

2.4 Situation of cascade dams

The state of Mato Grosso, located in the Central-West region of Brazil, has five
Dam Safety inspection bodies: (1) Mato Grosso State Secretariat for the Environment

Risk category Associated potential damage (APD)
High Medium Low
High A B C
Medium A C
Low A Cc E
Table1.

Risk matrix and associated potential damage.
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(SEMA-MT in Portuguese) inspects dams intended for multiple uses, located in state
rivers; (2) National Water and Sanitation Agency (ANA in Portuguese) inspects dams
intended for multiple uses, located in federal rivers; (3) National Mining Agency (ANM
in Portuguese) inspects dams destined for the disposal of mining tailings; (4) National
Electric Energy Agency (ANEEL in Portuguese) inspects dams intended for generat-
ing electric energy; (5) Brazilian Institute of Environment and Renewable Natural
Resources (IBAMA in Portuguese) inspects dams intended to contain industrial waste.
However, only four of these bodies are effectively inspected, except for IBAMA.

According to the National Information System on Dam Safety, there are cur-
rently 652 dams registered in the state of Mato Grosso. Of these, 262 are inspected
by the Mato Grosso State Secretariat for the Environment, 132 by the National Water
and Sanitation Agency, 141 by the National Mining Agency and 117 by the National
Electric Energy Agency.

Dam safety has been a very important item for a long time, although in Brazil, the
development of regulatory actions only took place after Law No. 12,334, on November
20, 2010. The improvement of actions evolved after the Inspection Agencies (federal
and state) issued the respective regulations.

After establishing the National Dam Safety Policy, there were advances in dam
classification and regularisation in Brazil. However, progress is still needed in terms
of inspectors’ performance, specifically in dam regularisation (issuance of grants and
environmental licences, among others), construction and refinement of registries,
inserting dams into the National Information System on Dam Safety, dam classifica-
tion, reviewing regulations [6] and on-site and documentary inspection actions. Most
dams were not regularised and/or included in the National Dam Safety Policy by the
inspection entities due to a lack of basic information such as height and volume, or
because they were not classified as to the APD, or because of the difficulty in identify-
ing the responsible developer [10].

As in several states in Brazil, the state of Mato Grosso also has problems regarding
the safety of multipurpose dams located in state water bodies, as presented in [11].
This is because the competence in the state for managing civil works, such as dam
construction, is carried out by another sector of the Mato Grosso State Secretariat
for the Environment, which deals with environmental licencing, requiring strong
coordination between the Water Resource Superintendence and other areas of the
secretariat to carry out the actions proposed by the National Water and Sanitation
Agency, as in the case of dam regularisation in terms of licencing, granting and dam
classification, together with the fact that the state also has recently published regula-
tions for dam regularisation.

Most multipurpose dams, located in existing state water bodies in the state of Mato
Grosso, were predominantly built on land; they have a small reservoir area and height
and are mostly characterised as small dams. They are mostly located on rural proper-
ties, with predominant uses for irrigation and aquaculture activities. These dams are,
in many cases, maintained (not so adequately) by small developers who usually do not
have sufficient technical knowledge for more accurate assessments and/or financial
resources to hire qualified professionals. This situation is common in several regions
of Brazil and in other parts of the world [12].

It was noted that the vast majority of them are located mainly on farms, but far from
the sites where the caretakers are. Thus, there is little or no concern with dam safety on
the part of developers, mainly due to the absence of specific regulation, until mid-2017,
and, consequently, a lack of guidance, a lack of disclosure and notification and/or lack
of knowledge. Most dams do not have a technician responsible for the structure and
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were built without having a project, without constructive care and without environ-
mental licencing. Some were built for access purposes, on irregular terrain and ended
up damming (rain) water. These normally do not present dam aspects, but they present
risks because of the lack of adequate executive and maintenance conditions.

The dams in the best safety conditions are those that have the “regular road
function” In this case, there is no excess vegetation, at least at the crest of the dam. It
can also be observed that the excess vegetation, a common characteristic found in the
dams of the state, is part of a culture of the developers and employees of the farms,
who must believe that the excessive vegetation (mainly trees on the crest) on the
slopes would protect the dam. However, it is the opposite.

In the visits to the dams, it was noticed that some conditions are recurrent in the
state’s dams and require care and maintenance, such as excess of high vegetation
on the crest and slopes; crest cracks; fissures and erosion on the slope; infiltration
moisture, on the downstream slope; and structures close to roads, which can cause
socio-environmental impacts (and even deaths) in the event of a possible failure.

Most of the dam accidents, that had a loss of life, occurred in small and/or medium
dams, with a height of less than 30 meters. Therefore, these dams have become a mat-
ter of concern and of greater interest to dam safety professionals [13].

In the state of Mato Grosso (MT), it is common to find these small dams located
in the same watercourse (or in thalwegs), which can be sequential (when there is no
negative effect of a dam on the downstream dam) or in cascade. Many are located
close to highways and/or other infrastructure, which may represent high APD.

Dam failure is considered as a cascade, when the occurrence of an extreme event
(with loss of resistance, or overtopping and/or overflowing) of one of them, gener-
ating a burst flood wave, may indicate that it serves as a cause for the possibility of
failure of another dam, existing downstream (in the same watercourse or thalweg).

Each developer should manage the dams they own properly, so as not to assign
additional risks to other dams in the cascade, which may even belong to other devel-
opers. The flood wave caused by a failure is generally greater than the design flow and
capacity of the dam spillway or spillway immediately downstream, as the reservoir
volume is released in a short time interval. This flood wave can cause the downstream
dam to overflow (“overtopping”) and failure [14].

Given that in the state of Mato Grosso, there have already been cascading failures,
which is a concern for the inspection body, there is a need to develop differentiated
procedures for the regularisation and classification of these structures. Thus, the
objective of the study is to analyse the possibility of failure, according to the condi-
tions of dams located in the same watercourse (or thalweg), in the municipality of
Vérzea Grande, MT. APD classification is also made possible of these dams and, thus,
presents a procedure (or protocol) for the APD classification of dams located in the
same body of water (or thalweg).

3. Methodology

To analyse the negative influence of a dam failure in other dams located in the same
watercourse, the “Simplified Methodology to Define the Classification Flood Zone of
Associated Potential Damage of a Dam” was used. This methodology is currently used
by the National Water and Sanitation Agency to classify dams within the competence.

It is a methodology developed at the National Laboratory for Civil Engineering in
Portugal for the National Water and Sanitation Agency, which generates a reference area
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or polygon for APD estimation. The methodology assumes that the available data from
both the dams and the relief do not allow the accurate modelling of the failure. Thus,
the appropriate methodology was simplified so as to use the Shuttle Radar Topography
Mission (SRTM) as a digital elevation model and a minimum of input data without
describing the geometry of both the dam and the downstream flow channel.

Therefore, the objective of this area is only to delimit the area of analysis to classify
the APD. It is similar to a flooded area; however, we cannot understand it as an exact
flood area, due to insufficient data precision, especially the relief data (30 m SRTM).
It is limited to being a reference on which the public agent, or the dam safety supervi-
sory body, can be based to prioritise its performance [15].

According to [15], the methodology (considering the area downstream of the dam
and some cross sections, reference and control) consists of the following procedures:

* Empirical calculation of the length of the river to be modelled.

* Verification of the adequacy of the determined limit, analysing the occupation
and geomorphology of the valley downstream of the dam.

* Calculation of the maximum flow associated with the dam failure.
¢ Calculation of peak flows in each of the cross sections along the valley.

» Comparison of the damped flow in each cross section along the valley with the
maximum flow of the spillway.

* Obtaining the altimetry of points along the cross sections.

* Hydraulic calculation to estimate the maximum level of the failure wave in each
of the cross sections.

* Creation of the surface surrounding the failure wave.
* Obtaining the polygon, for the APD classification.
* Possible adoption of adjustments, to consider specific characteristics of the site.

To generate the area, it is necessary to use the ArcGis software. In the study, ver-
sion 10.5 was used. In addition, the following additional data are required:

* SRTM 30 m.

* Reservoir volume (hm?).

* Height of the dam (m).

* Crowning quota (meters above mean sea level, m).
* Satellite images.

The risk analysis of cascading failure of the dams (selected) occurred from thematic
maps with the classification areas, where they were evaluated according to the aspects
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of the classification of the APD presented in [16], such as total volume of the reservoir;
potential for loss of human life; environmental impact and socio-economic impact.

For the analysis, a case study was carried out using dams 1 (B1), dam 2 (B2) and
dam 3 (B3) located in Ribeirdo Esmeril, a municipality of Virzea Grande, Mato Grosso
and presented in Figure 1.

The structures were built using homogeneous land as material, with prior-
ity use for aquaculture activity. These dams are registered with the Mato Grosso
State Secretariat for the Environment Water Resource Superintendence. They were
inspected in 2016 and have data collected in the field by technicians from the inspec-
tion body (SEMA-MT).

The location and height of the dams were obtained from the Mato Grosso State
Secretariat for the Environment survey report. The volume was estimated from
the wetland and height of the dam. Additional information on the dams includes:
foundation on soil; embankment dam formed of compacted earth, material
homogeneous; construction date, unknown; volume of dam 1 = 0.24 hm?; volume
of dam 2 = 0.50 hm?>; volume of dam 3 = 0.39 hm?; height of dam 1 = 2.7 m; height
of dam 2 = 4.8 m; and height of dam 3 = 6.3 m. The crest of the dams was obtained
from Google Earth. The input data used in the simulations are shown in Table 2.

In the simulations, to analyse the negative influence of dams located in the same
watercourse, some scenarios were considered, where they could occur:

Figure 1.
Dams used to analyse the negative influence of dams located in the same watercourse.

Simulation Scenario Estimated volume (hm®)  H (m) Crowning quota (m)
S1 Isolated failure of B1 dam 0.24 2.7 175
S2 Isolated failure of B2 dam 0.50 4.8 174
S3 Isolated failure of B3 dam 0.39 6.3 173
S4 Failure of B2 and B3 dams 0.89 6.3 173
S5 Failure of B1, B2 and B3 dams 113 6.3 173
Table 2.

Input data for genevating the APD classification area, considering different scenarios.
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¢ Isolated failure of each of the dams, according to the recommendations of [15].

¢ Cascade failure of dams B2 and B3, where the initial failure occurs in dam B2,
but given the limitations of the application, it is considered as occurring in dam
B3, adding the volumes of water stored in the two structures (volume of dam B2
added to the volume of the B3 dam), as if it were only in the B3.

* Failure of the three dams. In this case (given the limitations of the methodology),
the modelled failure occurs in dam B3 and the volume considered in the simula-
tion was the sum of the volumes of the three dams.

As the methodology for generating the classification area can only consider data
from only one dam, for the cascade failure scenarios (simulation S4 and S5), the
simulation was started at the last dam where the failure would occur.

Therefore, the height and crown height data used in the S4 and S5 simulations
were the data from the B3 dam, while the volume used was the sum of the three
reservoirs.

4. Results and discussion

Figure 2 shows the classification area considering only the B1 failure.

By analysing the isolated areas and the values of the maximum levels obtained, it
can be observed that the failure of the upstream dam (dam B1) would probably cause
the failure of dams B2 and B3, as the maximum levels obtained in the simulation of
dam Bl in the sections of dams B2 and B3 are 175.32 m and 174.33 m, respectively. The
heights of the crest of these dams are 174 m and 173 m, respectively.

Thus, by the simulation, the water could pass over the crest of these dams, which
would probably cause a sequential failure by overtopping.

A similar situation occurred with the maximum levels of the isolated failure
simulation of dam B2. In this case, the wave would probably cause water to pass over
dam B3, according to the simulation, as the maximum height of the flood wave in the
section where dam B3 is located is 174.89 m and the crest level of that dam is 173 m.

Figure 2.
Avrea generated considering simulation 1.
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Figure 3.
Avrea caused by the hypothetical failure of dams B1, B2, and B3.

Figure 3 shows that the areas generated by the cascade failures are larger than the
areas considering the isolated dam failures.

This demonstrates the need for a differentiated regularisation procedure for
these dams, since they must be classified together, as they generate greater negative
consequences, that is, possible loss of life, damage to the environment and socio-
economic losses.

In the case studied, according to the simulation of the hypothetical failure area, a
possible failure could affect housing and the federal highway located downstream of
the dams, as well as fish farming ponds, also generating economic impacts.

Considering the dam classification separately, all are classified with HIGH APD,
according to [9]. Following the classification matrix regarding the APD of resolutions
[8, 16], the area in the three cases passes through housing where there is permanent
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Figure 4.
Detail of the housing, aquaculture tanks and road section present in the area, considering the failure of dams B1,
B2, and B3.
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occupation, a federal highway and aquaculture tanks, as shown in Figure 4, totalling
APDequalto17 (a=1,b =12, ¢ =1, and d = 3, in the evaluation table).

According to [9], there was guidance to already consider HIGH APD, in case any
item of the “Conservation State” is greater than or equal to “10”.

The same occurred considering the failure of the cascade dams, both for the sce-
nario of the failure of dams B2 and B3 and for the failure scenario of the three dams.

It is important to mention that the program itself calculates the length of the river
to be modelled. For all simulations, the limit distance calculated by the program was
approximately 7 km.

Therefore, all the generated flood areas are about 7 km long and, consequently,
would appear (unconfirmed) that they would probably not reach the Cuiabd river.

However, it is believed that if the simulation were carried out for a greater distance, the
area would reach the main body of water. However, it is also believed that the Cuiaba river
itself (asitislarger) would be able to lessen this cascade failure flood wave.

From these simulations, a procedure to analyse the APD of cascade dams was
devised, which consists of the following steps:

* Carry out the simulation considering the isolated dam failure.

* Check if there would be a situation of overtopping of the downstream dams,
caused by the upstream dams, considering the maximum elevation values of the
classification area.

* Carry out the simulation considering the extreme case of cascading failure of all
dams. In this case, the simulation must use data from the last downstream dam
(height and height of the crest), but with the total volume of the three dams.

* Analyse the APD classification criteria presented in [16], based on the APD
classification area generated by the simulation that considers the extreme case of
a cascade failure.

¢ Check the APD rating (high, medium or low) as per Table 1 from [9], showed in
item Theoretical background.

5. Conclusion

The existence of numerous small dams and many in cascade spread throughout
the state of Mato Grosso is a risk of accidents and catastrophes, related to the safety
of dams. From the way they originated and live day to day (lack of design, inadequate
construction, lack of knowledge of technique and legislation, lack of maintenance,
lack of resources, etc.), there is uncertainty about their safety.

Thus, the analysis of the negative influence of dams located in the same water-
course is extremely important so that the inspection bodies of dam safety are aware of
the possible impacts of dams in cascade and not just sequential when there would be
no failure in the “domino effect”

The development of related studies and their regulation will make it mandatory for
designers to provide and submit to the supervisory body: studies, reports and action
plans, necessary to guarantee the safety of these dams, as well as immediate resilience
activities, thus guaranteeing the safety of the population and the environment.
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Chapter 5

Uncertainty Factors Influencing
Hydroelectric LCA Studies:
A Review

Marla T'B. Geller and Anderson Alvarenga de Moura Meneses

Abstract

Despite the increase in research on Life Cycle Assessment (LCA) of Hydroelectric
Power Plants (HPP) there are issues that need to be better discussed. This review
aims to discuss factors that influence HPP LCAs such as: indirect emissions, different
stages of HPPs (construction, operation, and decommissioning), scale/productivity
of HPPs, types of projects (reservoir and run-of-river) and use of the ground. Most
of the results obtained by HPP LCAs indicate that the construction phase is the most
influential phase for indirect emissions due to the use of steel and concrete. The com-
parison of the HPP’s LCA results with the LCA of other energy sources indicates that
for the analyzed category Global Warming Potential (GWP), the HPPs present a good
environmental performance considering the quantified emissions, their productivity
and useful life. The present review highlights some uncertainty factors that influence
HPP LCA studies and cites the need to carry out future studies on the environmental
impacts of HPPs including these factors.

Keywords: hydropower plants, life cycle assessment, GHG emissions,
indirect emissions, renewable energy

1. Introduction

A major challenge in today’s world is to meet the demand for increased energy
production considering environmental factors. The concern with sustainability in
the sector leads countries to sign agreements for the replacement of energy produc-
tion from non-renewable sources (coal, natural gas, oil and derivatives, uranium) by
renewable ones (charcoal, hydraulic, wind, solar photovoltaic, biomass). Brazil has a
privileged position in terms of energy production from renewable sources. According to
the report [1] the share of renewables sources in the Brazilian electricity matrix reached
84.8% in 2020, against 23% in the rest of the world and 27% in OECD countries. In
Brazil, hydraulic energy is positioned as the main generating source, where 67% of the
energy generated in 2021 comes from hydroelectric plants [2]. Although Brazil occupies
a privileged position in the renewable energy sector, in 2020 Brazil lost its place to
China, which added 12.6 GW of hydroelectric capacity and regained its leadership.
Many HPPs are being implemented, especially in China, India, and in northern Brazil,
with the objective of increasing renewable energy production and meeting the growth
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of demand. Considering the above, it is important to assess the environmental impact
caused by hydroelectric plants, since large hydroelectric plants are part of the energy
matrix scenario in Brazil and in the world [3].

There are many factors that influence the analysis of HPP emissions, which is
why it becomes a complex task. One of the ways to carry out this analysis, consider-
ing these factors, is through the Life Cycle Analysis (LCA). LCA is a methodology
that makes it possible to analyze environmental damage and is defined in ISO [4] as:
the study of environmental impacts throughout the life of a product from obtaining
the raw material, passing through production, use and ending with discard it. LCA
methodology approach holistically the entire process, identifying the most significant
impacts, pointing out improvements and at what stages they can be applied. In this
way, it prevents damage from spreading along the stages, causing a chain effect from
one environmental problem to another or from one region to another [5]. According
to ISO [4], the methodology for LCA comprises four steps.

1st) Objective and scope definition: the objective and scope must be clearly
defined to ensure that no relevant part is omitted.

2nd) Life Cycle Inventory (LCI): in this step, data collection and calculation
procedures are carried out to quantify the inputs and outputs relevant to the study of
the system, as defined by the objectives and scope in the previous step.

3rd) Impact Analysis (LCIA): the third phase of the LCA aims to assess, quantify,
and convert the environmental loads caused by the inputs (raw materials and energy)
and outputs (waste and other emissions) of the system, into impacts on health, the
environment, and the use of natural resources. Mandatory activities at this stage are
the selection of impact categories, the definition of category indicators and char-
acterization models, in addition to the classification and characterization of data.

An impact category is a class representing environmental problems, such as global
warming, acidification, human toxicity, etc.

4th) Interpretation: the last phase of the LCA aims to identify the significant
environmental issues present in the results of the previous phases; evaluate the meth-
odology, check the consistency, completeness and sensitivity of the data and propose
recommendations for improvements in the performance of the system.

The LCA methodology is standardized [5]. Currently, LCA is being used for
decision making in choosing the best option between products and processes in many
contexts such as chemical engineering [6], in the use of disposable packaging [7], in
agriculture [8], in the transport of products [9], in building construction [10], and
frequently in the production of energy.

Therefore, analysis of emissions in energy production, through the LCA meth-
odology, can be carried out in different contexts, such as: In Queiroz et al. [11] LCA
was carried out in the process of producing biofuel from a palm tree in the Brazilian
Amazon. Matuszewska [12] identified the configuration of geothermal systems using
LCA. References [13-19] applied LCA to study the environmental damage of pho-
tovoltaic systems. Brizmouhun et al. [20] carried out the LCA study with the aim of
identifying the environmental damage of power generation in Mauritius. Puettmann
and Wilson [21] compared the cradle-to-gate total energy and major emissions for
the extraction of raw materials, production, and transportation in wood products
industry in United States. In Piasecka et al. [22] was used LCA to analyze and compare
the environmental impact of offshore and onshore wind farms, considering 2 MW
installations, which are the most frequent in Central and Eastern Europe.

In relation to HPPs, the analysis of emissions produced by the LCA methodology
isaccompanied by many uncertainties. Each plant has specific characteristics, such as
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location, size, type, productivity, land use, among others. All this influence the analysis
causing a need for a study with well-defined methodology. HPP are becoming the solution
to the problem of energy demand in many countries in the world, justifying the impor-
tance of using LCA to analyze the environmental impacts caused by this type of plant [23].

We can cite some examples such as: Pang et al. [24] compared the environmental
impacts of a small HPP in China with similar ones located in other parts of the world,
while Suwanit and Gheewala [25] evaluated the environmental impacts through the LCA
of mini HPPs that generate electricity in Thailand. The biggest energy producer in the
Nordic countries is Vattenfall AB. Vattenfall’s main markets are Sweden, Germany, the
Netherlands, Denmark, and the United Kingdom. Vattenfall [26] presents the LCA study
carried out by Vattenfall, evaluating the environmental impacts of different energy sources
in the Nordic countries. Santoyo-Castelazo et al. [27] analyzed the environmental impacts
of HPPs in Mexico and other energy sources that are part of the supply network and pre-
sented a comparison between them. Flur and Frischknech [28] conducted a study which
had the objective of describing the environmental impacts of construction, operation
and decommission of HPPs with the focus on Switzerland, extrapolated to other regions
such as Brazil. Hanafi and Riman [29] evaluated life cycle of a mini HPP in Simalungun -
Indonesia and showed that the most evident impacts are carcinogenic, and eco-toxicity in
marine and freshwater biota generated from the construction of the mini HPP.

After this preliminary study, we observed that there are extensive possibilities of
applications for LCA methodology. An approach to the most influential aspects for
analysis using LCA is the objective of this work, and we consider it a contribution
to the current state of the art. The analyzed aspects include: the different phases of
the LCA, the importance of indirect emissions in studies of hydropower reservoirs,
the scale/capacity ratio, land use. We added a discussion on the type of run-of-river
hydropower and the challenges of using more sustainable technologies.

The present work demonstrates the importance of the LCA methodology when consid-
ering all phases of the life cycle of HPP and highlights specific characteristics of HPPs when
their environmental impacts are analyzed. Brazil is a developing country, and, like other
similar countries, it has an unexplored hydraulic potential. HPPs can become one of the
best solutions to meet energy growth and demand. However, the challenge for these coun-
tries is to study and analyze the best way to produce energy without causing major impacts
on the environment. And the LCA methodology has been an aid tool for such studies.

2. Methodology and materials
The methodology used in this paper included six steps as in Geller et al. [23]:

i. Definition of the objective and delimitation of the research scope: The objective
of the research is to present some characteristics of the HPPs that influence the
analysis of environmental impacts through the LCA. This review includes com-
parative analyzes of the LCA of HPPs and another energy sources.

ii. Selection of sources in the literature: The selection of research sources was con-
ducted with the following criteria: 1st) LCA reports published between 2000 and
2021, containing analysis of the environmental impact of HPPs and other energy
sources; 2nd) studies that identified influencing factors on the LCA of HPPs. The
search was carried out using the keywords: LCA, Hydropower, GWP, emissions,
following this order of priority.
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iii. Definition of factors that most influence HPP’s LCA studies: There are many fac-
tors that cause uncertainties and influence LCA studies for hydroelectric plants.
To carry out this study, the following factors were selected: Indirect emissions,
types of HPPs (reservoir and run-of-river), the different phases of the life cycle,
land use, location, scala/productivity.

iv. Review including only HPP’s LCA: A review of articles related to HPP’s’s LCA was
necessary to compare the different contexts, highlighting a study carried outina
HPP’ in northern Brazil. The impact category highlighted was the Global Warming
Potential - GWP, which according to Acero et al. [30] “expresses climate change
referring to the global temperature caused by greenhouse gases released by human
activity, measured in the reference unit kg of CO, equivalent (kg CO, eq)”.

Countries like China, Brazil, USA, Canada, and Russia have a high production of
electric energy through HPPs [31]. However, there are few studies on their emissions
analyzed through LCA, leading to the need to include here some reviews carried out by
other authors. With the results produced by other works cited in this review, it was pos-
sible to make comparisons between hydroelectric plants with different characteristics
(in Section 4) and between hydroelectric plants and other energy sources (in Section 3).

v.Recognition of HPP LCA uncertainties: Compiling the results of the reviewed
works and recognizing the uncertainties related to HPP LCA constitutes a signifi-
cant step towards the objective of the study.

vi. Identification of challenges for future research: to highlighting points to be better
studied and which constitute challenges for future research is one of the characteris-
tics of the review study. The conclusion includes the authors’ view on this challenge.

3. A comparison between hydropower and other sources using LCA

It is known that different energy sources have their emissions influenced by their
characteristics. To recognize the environmental feasibility and sustainable character
of each one, it is necessary to carry out a quantitative comparison of these emissions.
And one way to make this comparison is through results from LCA. This section also
includes a comparison with the LCA study carried out by the authors at the Curud-
Una HPP, located in the Amazon in northern Brazil.

The electricity and heat distribution company Vattenfall presented in Vattenfall
[26] the LCA data for nuclear, hydro, wind, solar and biomass energy. Vattenffal is one
of the biggest producers of electricity and heat in Europe. Its most important markets are
Sweden, Germany, Holland, Denmark and the United Kingdom. The methodology used
pela Vattenfall divided the life cycle into 4 stages, namely: (i) production and transport
of fuel; (ii) plant operations; (iii) infrastructure that includes construction, maintenance
and decommissioning of the plant and (iv) radioactive waste management. Table 1
presents the main energy production technologies and their respective contributions.
According to Vattenfall [26], the largest amount of emissions is generated by the coal
plant in the operational phase. This reinforces the conclusion of the analyzes that the
emissions from the construction phase are higher for plants that do not burn fuel but use
renewable resources such as HPPs and wind farms. For biomass and coal-burning fuel
plants, emissions are highest in the operational phase [39].
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A literature review with 167 LCA studies was performed by Turconi et al. [33].
GHG emissions have been identified for the most diverse energy sources, including
coal, lignite, natural gas, oil, nuclear, biomass, hydro, solar PV and wind. Table 1
presents the results for each technology and points out that coal, lignite, natural gas
and oil have the greatest impact compared to hydro, nuclear and wind power.

In the Republic of Mauritius, the main source of energy is fossil fuels and
Brizmouhun et al. [20] used the LCA methodology to compare GHG emissions from
these plants and eight other hydroelectric plants, of which 4 are reservoir and 4 are
run-of-river plants. The results presented in Table 1 reinforce the higher GHG emis-
sion for fossil fuel plants compared to HPPs.

In the work of Gagnon et al. [35] several energy sources were analyzed with the
LCA methodology. A point to emphasize in this study is that the results presented the
lowest impact for run-of-river plants followed by wind, solar photovoltaic and nuclear
plants. The HPPs with reservoir had the worst performance.

The environmental impacts of electricity generation in China were analyzed by
Feng et al. [32] through LCA, using data from eight different technologies. For the
analysis of energy that has oil, natural gas, hydro, and photovoltaic energy as sources,
the Ecoinvent base processes (repository with more than 18,000 datasets) were used.
To analyze the impacts produced by nuclear, coal, biomass and wind energy, the
studied plants are in China [18]. The study shows that CO, emissions from fossil fuel-
based technologies are much higher than emissions from renewable sources of energy
when analyzed over the life cycle (Table 1).

The review of Amponsah et al. [31] includes 79 studies of LCA. The objective
was to compare renewable energy sources (RETs) such as photovoltaic, wind,
biomass, wave energy and hydropower with conventional energy sources such as
oil, lignite, and coal (Table 1).

The research carried out by Hondo [36] pointed out that one of the factors that
can reduce the impacts on energy production is the choice of technology, such as the
material used in photovoltaic panels. The author proved with his study there was a
reduction from 29.5 CO,-eq/MWh to 20.3 CO,-eq/MWh for wind energy and 53.4
CO,-eq/MWHh to 26 CO,-eq/MWh for PV (Table 1). For this analysis, it measured
the emissions of nine types of energy production technology, among them: nuclear,
hydroelectric, geothermal, wind, solar-photovoltaic (PV)coal, oil, liquefied natural
gas (LNG) and LNG combined cycle.

Littlefield et al. [34] included the environmental profile in their research on
energy production feasibility analysis. The environmental profile uses LCA and
assesses resource consumption, emissions to water and air, solid waste, and land use.
Seven technologies were analyzed, among them: hydroelectric, wind, nuclear, natural
gas, coal and biomass co-burning, geothermal and solar thermal resources. The
results pointed to the wind farm with the best environmental performance (Table 1).

In Like et al. [38] wind, nuclear and hydraulic plants were evaluated with LCA,
considering all stages of the life cycle. Table 1 shows that wind power has a greater
environmental impact than nuclear and hydro power. Considering the global warm-
ing potential, wind energy produces 28.6 + 3.2 g CO,-eq/kWh of GWP100 throughout
its life cycle, which is higher than nuclear energy (12.4 + 1.5 g CO, -eq/kWh) and
hydroelectric (3.5 + 0.4 g CO,-eq/kWh).

We can see that the results presented in Table 1 show the different approaches
in the use of LCA to measure the environmental impacts on energy production.
Knowing the characteristics of these plants that influence the different results consti-
tutes a relevant study to aid in decision making when seeking sustainability.
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The LCA methodology used to compare various energy sources requires a standard
of functional unit. This allows the productivity of each energy source to be considered.
In the case of the results presented in Table 1, the functional unit is kgCO,-eq/MWh.
This standard is important because, like hydroelectric plants, which feature high
productivity and longer lifespan than other technologies, their environmental impact
is diluted both in the amount of energy produced and in its lifespan. In other words, to
produce the same amount of energy a wind farm needs many resources (panels, batter-
ies, inverters) that use raw materials (inputs such as metals and energy), contributing
to the various categories of environmental impact [16].

Table 1 shows that the greatest variation in GHG emission quantification is for
HPPs (0.2-152 kgCO,-eq / MWh) and biomass (8.5-650 kgCO,-eq / MWh), a result
discussed in Topic 5.6.

4. LCA of HPPs: comparing different characteristics

To further complement the study an analysis of LCAs limited to HPPs with differ-
ent characteristics was conducted including different phases of LCA, size of plants,
type of plants (reservoir or run-of-river) and land use.

When comparing LCAs done for different HPPs, to obtain better interpretation
and analysis, it is very important to consider the objective of each study as this leads
to specific results. Some studies consider only the GWP factor [16, 27, 40], whereas
others present the total of emission for some factors [37, 41]. There are studies that
review several LCAs done by different authors and compare them, such as the study
by Refs. [33, 37]. Research in Refs. [24, 39] evaluated the most representative impact
categories for each stage of LCA applied to hydropower. The review in this session
considered analyzes only of HPPs with LCA methodology, independent of other
sources of energy production. All were standardized with the functional unit kWh or
MWh, and different results for these analyzes are shown in Table 2.

Varun and Bhat [40] studied emissions from 6 hydropower plants located in
India, of which three are canal-based projects and three are dam-based projects. The
results of this study, in relation to GHG emissions, are shown in Table 2. The specific
characteristics of each HPP such as capacity, type of technology, location and head
size produce variation in the values found in the analysis performed with LCA.

Five run-of-river mini HPPs, located in Thailand, were the object of study in
Suwanit and Gheewala [25]. Considered useful life was 50 years and functional
unit was IMWh. For analysis of the results, the averages of the five mini HPPs were
calculated and are shown in Table 2. Reproducing the authors’ conclusion “the main
contributors to the impacts are the materials used in construction such as gravel,
sand, cement, steel, iron, copper and the energy used by the equipment” [25].

A review carried out by Raadal et al. [37] compared the emissions caused by 28
reservoir-type HPPs and 11 run-of-river HPPs, as shown in Table 2. Among the
evidence of the result is the importance of considering the flooded area as a signifi-
cant factor impact on the environment. The reservoir filling stage is highlighted as the
biggest contributor to GHG emissions, even surpassing the construction stage.

In Hanafi and Riman [29] the LCA methodology was used for the analysis and a HPP
located in Simalungun in Indonesia. The system operates with two generators, it is of the
run-of-river type, has a capacity of 9 MW and productivity of S8MWh, registering 80%
efficiency. Considering a useful life of 50 years, the main stages defined by the methodol-
ogy were: pre-construction, construction, and operation. This study reinforced what other
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Total (kg CO,-eq/MWh) Study Site/ Type Type

[24] 284 China dam-toe-based
[40] 32.23-35.35 India canal based
[40] 11.91-31.2 India dam-toe-based
[25] 1762 Thailand run-of-river
[29] 1.2 Indonesia run-of-river
[42] 52.7 Thailand run-of-river
[43] 5.43-8.93 UK run-of-river
[44] 433 Brazil reservoir
[45] 13.06-19.12 India run-of-river
[46] 21-40.63 Literature review reservoir
[46] 3.0-47 Literature review run-of-river
[46] 256.63 Literature review pumped storage
[33] 2 Literature review run-of-river
[33] 15 Literature review reservoir
[371* 4.0-152 Literature Review reservoir
[37]** 0.2-11.2 Literature Review reservoir
[37] 49 Literature Review run-of-river
[47] >150.0 Literature Review reservoir
[47] 4.0-14.0 Literature review run-of-river

*Including gross emissions from flooded land.
**Excluding emissions from flooded land.

Table 2.
HPP- life cycle GHG emissions (kg CO,-eq/MWh,).

results have also shown, the greatest impact to the construction phase. However, the most
influential categories for this phase are ecotoxicity and the release of carcinogenic materi-
als. The authors justify this result using materials such as steel, nickel, and concrete for
the construction of the duct. They emphasize that the amount of GHG emission (1.2 kg
CO,-eq/MWh) is lower than the categories mentioned above (Table 2).

The review carried out by Kumar et al. [47] presents estimates of GHG emissions
from reservoir and run-of-river plants, reporting values that exceed 150 kgCO,-eq/MWh
for the former and a range of 4-14 kg CO,-eq/MWh for the last. The authors emphasize
that this different behavior in terms of emissions is due to the use of land by reservoir-
type HPPs and that all phases can contribute to this, due to the emission of methane with
the decomposition of vegetation (construction and operation phases) and the sludge
deposited throughout the plant’s useful life (decommissioning phase).

The study by Pascale et al. [42] compared the emissions produced by a small dam in
arural community in Thailand with the emissions from larger dams, with the objective
of finding the best alternative for the electrification of these communities. For this,
it carried out the LCA of a small 3 kW system considering its entire life cycle, that is,
from the cradle to the grave. The results presented in Table 2 reflect the trend found
in the literature, that is, larger HPPs, due to their higher productivity, have a lower
environmental impact per kWh produced, compared to smaller HPPs.

Itaipu HPP plant is a binational power plant (Brazil-Paraguay), located on the Parana
River, on the border between these two countries. Until 2012 it was considered the largest
hydroelectric plant in the world, with a capacity of 14,000 MW. Ribeiro and Silva [44]
used the LCA methodology to make an inventory of material and energy consumption,
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atmospheric emissions and land use and transformation. According to the authors, the
good environmental performance (4.33 kg CO,-eq/MWh) obtained as a result of the
study (Table 2) is justified by the high productivity of this large hydroelectric plant.

Three run-of-river HPPs located in the United Kingdom (UK) were analyzed in
Gallagher et al. [43]. Each one had a capacity of 650 kW, 100 kW and 50 kW and the
result of the study shows emissions of 5.43 kg CO,-eq/MWh, 7.39 kg CO,-eq/MWh
and 8.93 kg CO,-eq/MWh respectively (Table 2). According to the authors, there
are few LCA studies for small (~100-1000 kW) and micro (~10-100 kW) HPPs that
highlighted the importance of knowing their emissions because hydroelectric plants
have significant growth in some regions (Table 2).

Kadiyala et al. [46] created an index categorizing HPPs according to capacity
(micro, small and large) and type (impoundment, diversion, pumped storage, mis-
cellaneous hydropower works). The mean GHG emission resulting from small HPP
dams was higher than large hydropower dams of the same type. The highest average
emissions were found for pumped storage (Table 2).

Pant et al. [45] selected three small run-of-river hydropower plants located in India
with capacities of 30 MW, 33.33 MW and 51 MW. The analysis was carried out using
the LCA methodology, considering, in addition to the capacity, the head of the power
plants. The results show that emissions are lower when there is higher productivity, on
the other hand, they increase with the increase in the head of the plant.

4.1LCA of HPPs detailed in different phases

Different stages of the life cycle of a HPP produce emissions of the most diverse
natures and quantities. In this session, we present some studies on HPP LCA found in
the literature that confirm this statement.

Pang et al. [24] confirmed in their research (Table 3) using the LCA methodology,
that the construction phase in the life cycle of a HPP is the one with the greatest environ-
mental impact due to the emission of GHGs. They analyzed the Guanyinyan power plant,
in northeast China, which has 2 turbines, a capacity of 1.6 MW and an average annual
production of 6.28GWh. They used the 1 MWh functional unit and considered the
plant’s useful life to be 30 years. To complement the research, they carried out a sensitiv-
ity analysis, increasing and decreasing inputs by 10%, and studying the consumption
of materials such as steel, cement, and energy. They obtained +6.8% in the results and
concluded that “it is necessary to optimize structural designs using new materials and
best practices to reduce the level of emissions in relation to the energy generated [24].

The LCA study carried out in Geller and Meneses [39] specified the emissions
from the Curud-Una hydroelectric plant located in the Amazon region in its different
phases (Table 3). Zhou [48] included in his study the HPP of Nam Theun 2, located in
southeastern Laos with a capacity of 1070 MW (Table 3), also in different phases.

Total Construction Operation Transportation Maintenance Disposal
(kg CO,-eq/MWh)
[24] 284 273 0.2 0.9 0.0
[39] 54 4.8 011 0.46 0.0
[48] 78.1 25+0.5 7505 0.55-0.65

Table 3.
HPP - life cycle GHG emissions (kg CO,-eq/MWHh) — Phases.
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In Zhou [48] they pointed out that the operational phase of the plant is the phase had
the greatest impact due to the emissions produced by the reservoir. The gases carbon
dioxide is produced by aerobic decomposition and methane by anaerobic decomposition
and are the gases produced in greater quantity in the plants located in tropical regions.
Methane accounts for 85% of total emissions at warmer temperatures.

These three studies are used here because they relate a high amplitude in the results
that can be attributed to the different forms of application of the LCA methods.

In Pang et al. [24] the LCA analysis of a small HPP (1.6 MW) with a useful life
of 30 years was performed. In the other case Geller and Meneses [39] the HPP hasa
capacity of (30.3 MW) and the analysis was performed for a useful life of 100 years.
The results as shown in Table 3 were quite different, justified by the fact that the
greater capacity and longer useful life results in greater productivity, causing the
quantities to be diluted in relation to the production factor (emission/production
factor). And as already mentioned, the high value of the operation phase in Zhou
[48] is due to the inclusion of direct emissions of methane and carbon dioxide gases,
produced by the decomposition of biomass in the flooded area of the reservoir. It is
worth mentioning that in Refs. [24, 39] only indirect emissions were analyzed.

Geller and Meneses [39] investigated the environmental impacts of the construc-
tion, operation and deactivation phases of the HPP Curud-Una plant located 70 km
from the city of Santarém, in the northern region of Brazil, that is, in the Brazilian
Amazon. The HPP was inaugurated on 08/19/1977 and at the time of the study
(2016), the plant operated with three turbines with an operating capacity of 30.3 MW
and with an efficiency rate of 92.89%, being considered by Brazilian standards as
a large plant. The investigation was carried out with real data and data from the
Ecoinvent database and the categories analyzed include:

* Global Warming Potential (GWP),

¢ Acidification Potential (AP),

* Abiotic Depletion Resources (ADP),

* Freshwater Aquatic Ecotoxicity Potential (FAETP)

* Human Toxicity Potential (HTP),

Impact Reference Complete  Construction  Operation Transportation  Decommission
category unit life cycle
AP [kg SO,-eq] 0.0223 0.0189 0.0009 0.0025 —-0.000
GWP [kg CO,-eq] 5.4659 4.8922 0.1121 0.4679 —0.0065
100y
ADP [kg Sb eq] 0.0312 0.0247 0.0033 0.0032 0
FAETP [kg 1.4-DCB 2.4505 22971 0.1169 0.0371 -0.0007
100y eq]
HTP [kg 1.4-DCB 7.2858 64277 0.6267 0.2345 —-0.0031
100y eq]

Table 4.

Contribution of Curud-Una life cycle phases to each impact category [39].
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The results presented in Table 4, show the four phases of the life cycle analyzed in
Geller and Meneses [39]. Among the categories analyzed, the most affected are HTP,
GWP and FAETP and the stage with the highest emission is the construction phase.
Fossil energy was used in this phase, which is a major contributor to these impact
categories. The construction phase has emissions related to all impact categories
and among the main contributors to this fact is the use of concrete used in the dam
and steel used in infrastructure and equipment such as generators and turbines. It is
noteworthy that the methodology used did not include direct emissions, that must
be measured directly in the reservoir, as already mentioned, so the low results for the
operation phase with the appropriate emissions of CH, and CO, are noted.

All results presented confirm the need for specific studies in each context and for
each objective, since the characteristics of each plant are different, and the objectives
of the studies require adequacy of the LCA methodology. According to Geller and
Meneses [39] “a direct comparison between HPPs is difficult and should be made
carefully because HPPs are highly site-specific, and their environmental impacts are
associated with their different characteristics.”

5. Discussion

This session discusses issues regarding the specific characteristics of hydropower
that impact the Life Cycle Analysis results when analyzing emissions. The diversity of
studies and contexts in which this methodology is applied was observed in the previ-
ous sessions, generating variation in the results.

5.1 Direct and indirect emissions of HPPs

Emissions produced by the generation of energy are classified in two ways: indirect
and direct [28]. The former are the emissions caused by the construction, implantation,
and deactivation of the plant, which according to Steinhurst et al. [49] include infra-
structure of roads and transmission lines, the work of implantation, manufacture of
materials, transport, disposal of material, etc. According to Dones et al. [41], the largest
contributor to GHG emissions in this category includes cement production and the use
of diesel for electricity. Hanafi and Riman [29] state that “the biggest contributing factor
related to the infrastructure for the emission of GHGs is the production of concrete and
the transport of stones for the construction of dams and tunnels”. Indirect emissions
can represent less than 20% of generating plants using fossil fuel and more than 90% of
generating plants using renewable and nuclear sources [49].

And direct emissions are those resulting from the phase in which the plant is in
operation, such as burning of fuel used to operate the plant, use of land/flooded area,
goods and services for plant operation, etc. In relation to the direct emission produced
by the hydroelectric plants, the decomposition of the biomass of the flooded soil of
the reservoir is one of the most significant [29]. The impacts caused by these emis-
sions are classified according to the scope of the area they affect in global impact,
regional impact and local impact, that is, some may have a significant impact in one
region, but not in another. For example, global warming, depletion of the ozone layer,
biotic and abiotic resources caused by emissions from a particular location, can cause
global impacts; land use will be responsible for local impacts [4].

Hydroelectric plant is a renewable energy source that is not entirely clean, because
if considered throughout its life cycle, it has direct and indirect contributions to the
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production of GHGs. Some studies in Refs. [28, 49-52] are concerned to show that the
idea that hydroelectric plants have low levels of emissions is somehow wrong. They
argue that emissions can sometimes exceed those of plants that use non-renewable
raw materials, such as fossil fuels, in their implementation phase and in some cases
also in the operational phase, as described by Refs. [53, 54]. The review presented in
this chapter is not intended to provide details of these results.

5.2 Reservoir HPPs and indirect emissions

The consumption of concrete, steel, energy, fuel, and other materials for the
construction of the plat, in addition to the use and transformation of the soil, are the
most responsible for the indirect emissions that impact the construction phase.

Geller and Meneses [39] state that the construction stage at the Curua-Una HPP
was the most critical phase in relation to the indirect emissions caused (Table 3), due
to the inputs for deploying the HPP, which is corroborated by other authors [24, 41,
49, 55]. Pang et al. [24] concluded that steel and concrete are the largest contributors
among the materials used as inputs due to their production chains.

References [37, 41] reinforce that cement production, the use of diesel for elec-
tricity and the transport of stone for construction of dams and tunnels are major
contributors to GHG emissions. 90% of emissions from renewable plants come
from the construction phase [49]. Vattenfall [26] say that plants that use renewable
resources for energy production (hydro, solar, wind), that is, do not burn fossil
fuel, have their most impacting indirect emissions in the construction phase.

5.3 Scale/capacity of the hydropower plants

According to Refs. [24, 35, 41, 44] the capacity and scale of projects also influence
GHG emissions, stating that smaller systems have worse environmental performance
than systems with greater capacity. This is since the higher productivity of the latter,
reduces the ratio between the emission and the energy produced in MWh during the use-
ful life of the plant. Zhang et al. [56] carried out LCA of two HPPs in China, with 44 MW
and 3600 MW, and the GHG emissions were 44 and 6 kg CO,-eq/MWHh, respectively.

We can explain by observing the statements of these authors that the ratio
between the impact per MWh and the higher productivity of the plant, considering
its long-life cycle, are factors that can make the HPPs the more environmentally viable
option to meet greater demands, because it dilutes the amount of impacts over its
useful life. However, the need to serve small populations or rural communities located
at great distances from large HPPss, small plants are still a very viable alternative for
energy production, having better environmental performance than fossil fuel plants,
that is often used in this context.

Environmental impacts are influenced by several factors in addition to the produc-
tivity of the plant, as already seen. Therefore, the analysis of the LCA of HPPs with
different scale and capacity must be carried out with great care, even when the values
are parameterized.

5.4 Land use and land use change (LULUC)

A highly discussed issue with respect to LCA of HPPs is to land use change and
Land Use Change (LULUC). Land use of HPPs implies land transformation (flood
area and implantation) and occupation (entire occupied area concerning the time
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of use). According to Dorber et al. [57], hydroelectric pumped storage and storage
hydroelectric plants, which use dams to store water in reservoirs to allow flexible
production of electricity, cause LULUC. In addition to filling the reservoir, also due
infrastructure, including power lines and access roads.

It should also be noted in Fthenakis and Kim [58] that state the occupancy factor is
indirectly proportional to the time that a given area is used to generate renewable energy,
that is, the longer the time, the lower the occupancy factor. On the other hand, for the
production of energy from non-renewable sources (biomass, coal, natural gas, etc.), the
relationship is direct, that is, the longer the time, the greater the occupancy factor.

The analysis of land use, such as occupation or transformation of HPPs using LCA is
necessary. Take the example of Balbina HPP in Brazil. According to Fearnside [53], this
plant will produce more GHG than fossil fuels because the proportion of the reservoir size
per unit of energy generated is very high. The example of the LCA of the Curua-Una plant
in Geller and Meneses [39] in the Amazon region can illustrate these conclusions. The
result of the analysis in this regard was 1.33E-02 km2.y/MWHh. For an efficiency of 92.89%,
its projected production is 29,976,720 MWh in 100 years. By reducing the operating time
to 50 years considering the same efficiency, the HPP would produce half of that energy,
and consequently would increase its occupancy factor and its environmental damage.

5.5 Others important factors that influence the emissions of HPPs

The environmental impacts produced by reservoir and run-of-river plants were pre-
sented by Gagnon and Vate [59]. For reservoir plants, the average was 15 kg of CO2-eq/
MWh and for run-of-river plants, the average was 2 kg of CO2-eq/MWh. As already
mentioned, steel and concrete are the main contributors to these emissions, as they are
consumed in greater quantities in reservoir plants. The authors detailed the factors that
contribute to emissions in the construction phase and the study includes the following
criteria: (i) run-of-river hydroelectric plants versus reservoir plants; (ii) materials used
(earth/rock versus reinforced concrete); (iii) volume of dikes and dams, which may be
site-specific; and (iv) total size of the project or group of plants [59].

An important issue to consider when comparing run-of-river and reservoir plants is
the reliability of the electricity supply. LCA studies of HPPs present results pointing to
better performance for run-of-river HPPs [33, 37, 46, 47]. However, according to Gagnon
and Vate [59], reliability is only possible when the energy source (water) can be stored in
areservoir, being available for operation. We emphasize that production reliability must
also be considered when comparing reservoir HPP with plants that have intermittent
sources, such as wind and solar photovoltaic. In the absence of these resources (wind and
sunlight) it will be necessary to complement them to meet the demand, which is usually
through fossil resources, greatly increasing the environmental impact.

Another issue to be considered is the use of reservoirs for other purposes, such as
irrigation, flow control, flood control, storage of drinking water and even fishing.
Currently, large reservoirs are planned and built for these purposes, such as the Three
Gorges HPP in China, which uses stored water to control the flow available during the
dry season, to facilitate navigation and to irrigate [32, 47]. On the other hand, there
are cases, such as the Sardar Sarovar dam, Gurajat in India, where the main purpose
of its construction was the irrigation of arable areas and the storage of water for
domestic and industrial consumption, while the generation of hydroelectric energy
was considered a side benefit, although more recently it has increased its importance
[60]. The study of LCA in these cases becomes difficult because the importance of the
reservoir as an energy producer is not fully known [35].

71



Special Topics in Dam Engineering

The type of technology used its manufacturing location and the distance of travel
for the implantation in the plant is a significant factor for the environmental impacts
[31]. Transporting this equipment from origin to destination consumes fossil fuel,
leading to a significant increase in emissions. Like the Curud-Una HPP, in Brazil, in
which most of the equipment was manufactured far from the implantation site and it
was often necessary to transport turbines and generators by river and road [39].

5.6 LCA of HPPs uncertainties and future challenges

Some uncertainty factors in LCA of HPPs were listed in this study. In general, it
can be attributed to the lack of a standard for applying the methodology. However,
the complexity and diversity of these systems makes this standardization difficult.

Initially, the use of a standard functional unit in the comparison of the different
plants is not enough to guarantee a correct analysis of the results. There is divergence in
the results when we have variation in the limits or boundaries of the system. Is important
know well which specificities of each study will be included in the inventory.

For example, the LCA methodology applied to plants that have a reservoir most of
the time includes all phases of the life cycle, namely, construction, operation/mainte-
nance and decommissioning. However, there are few reports of LCAs that include the
measurement of methane and carbon dioxide emissions that occur during the filling
of the reservoir or the flooded area during the operational phase. There are many fac-
tors that can influence these measurements, such as pre-existing vegetation, location
and climate, size and depth of the reservoir, among others. It is noteworthy that these
emissions can significantly influence the results [52].

According to Littlefield et al. [34] the uncertainty factors are greater in the produc-
tion of energy from renewable sources and Turconi et al. [33] add that among these, bio-
mass and hydroelectric technologies are the most divergent in the LCA results (Tables1
and 3). Temperature variation is also an important factor, according to the authors [33,
34], and reservoirs in tropical regions may be subject to higher GHG emission due to
high temperature, which accelerates the biomass decomposition process.

Considering the above, there is a need for more specific conduct for each case of
HPP LCA. This constitutes a great challenge. As a contribution to facilitating this
process, we include the following recommendations: (i) elaboration of a framework
to assess uncertainties; (ii) definition of a standard to classify dams according to their
size, geographic location and climate; (iii) a framework to conduct the collection of
essential data for hydroelectric plants, defining the system boundary in the inventory
phase; (iv) construction of a common vocabulary, a practical application guide, so
that researchers from other areas can contribute to the application of the LCA of HPPs
methodology, with the objective of reducing these uncertainty factors.

The conclusions lead us to enumerate some alternatives to reduce the environmen-
tal impacts in energy production from HPPs: (i) future research to quantify emissions
from hydroelectric plants should be conducted to include their entire life cycle, from
cradle to grave, considering direct and indirect emissions; (ii) using LCA to analyze
emissions from large hydroelectric plants located in developing countries such as
China, Brazil and India can bring elements to a better choice of energy production
in very extensive territories; (iii) the integration between different technologies of
renewable sources, in an optimized way, can be a good alternative to meet the grow-
ing demand considering the parameters of sustainability; (iv) choosing more modern
technologies for infrastructure (turbines, dams, pipelines, etc.) can reduce emissions
during the construction phase of hydroelectric plants.
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We understand that the optimized integration of different technologies in energy
production is a viable way to meet the demand and, in this context, the hydroelectric
plant plays an important role. However, the challenges of meeting the economic,
social, and environmental viability of these projects have caused many concerns,
discussions, and controversies.

Some research considers hydropower to be a clean, renewable energy source,
while others claim that its emissions can sometimes be even higher than those of fossil
fuels. It is important that this topic is discussed in a context based on the results of
peer-reviewed scientific studies, such a scientifically based discussion will allow the
rigorous evaluation of the most viable forms of energy production that attend the
principles of sustainability.

6. Conclusion

The chapter presents a review of the HPP’s LCA and compiles aspects that may
influence these analyses, therefore the main contribution of this work is to highlight
the different characteristics of the HPPs that impact the analysis of their indirect
emissions.

Among the factors mentioned are the capacity and scale of projects, pointed larger
systems have better environmental performance than smaller systems, due the ratio
between the emission rate and the energy produced in MWh in the plants lifetime.

Regarding the type if is reservoir or run-of-river, there is a factor that must be
considered. Although reservoir plants produce more emissions, authors cite the use
of these reservoirs for other purposes (water flow control, fishing, etc.), bringing
additional benefits.

Land use must be critically analyzed when dealing with HPPs that use dams,
due to the construction of its infrastructure including power lines and access roads.
Although, the longer time a certain area is used for generation of renewable energy
the lower is the occupation factor.

It is notorious and research shows that HPPs produce less emissions per energy
generated than technologies that use fossil fuels. However, to evaluate the results
among only renewables sources, such as wind, solar and hydroelectric, it is neces-
sary to consider the intermittence of sources, that is, the constant availability of the
natural resource (wind, water, solar) to generate energy. And this factor corroborates
to the better performance of HPP in some cases.

Regarding the phases analyzed by the HPP’s LCA, most studies state that the
construction phase is the one that produces the most emissions in relation to renew-
able plants. But some studies also cite emissions from the flooded area and submerged
vegetation as an important emission factor.

The results obtained by the research with LCA methodology exemplified here confirm
that it can be widely used for the environmental analysis of electric energy production
systems. However, the lack of standards for the preparation of inventories and for their
analysis is pointed out by many authors as one of the difficulties for the use of LCA. The
authors list in the challenges section some suggestions to minimize this problem.

In this context, it is considered that the more studies of the environmental
impacts produced by the indirect emissions of HPS, using LCA, the more knowl-
edge about the adequacy of the use of this methodology, the uncertainty factors and
their restrictions will be consolidated, thus collaborating in the decision process
involving HPPs.
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Chapter 6

Potential of Nonlinear Dynamics

Tools in the Real-Time Monitoring
of Large Dams: The Case of High
Enguri Arc Dam
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Mirian Kalabegashvili and Nadezhda Dovgal

Abstract

Large dams are grand structures with a complex nonlinear dynamic behavior.
These nonlinear effects, though relatively small, can be very important for the
analysis of dam mesoscopic damage accumulation using available monitoring data,
namely, the time series of strains/tilts of the dam structure in response to the periodic
filling/draining process of the reservoir. The authors derive the characteristics of the
unknown dynamics using the time series of tilts and strains of a structure by means
of recurrence plots (RPs), recurrence quantification analysis (RQA), Lempel-Ziv
complexity (LZC), mutual information (MI), detrended fluctuation analysis (DFA),
and singular spectrum analysis (SSA) for studying dam dynamics. Anomalies in the
nonlinear dynamics characteristics of the measured time series of the tilts/strains of
dam during the reservoir regular filling/discharge process may signal the abnormal
behavior of the object. These methods were used for the analysis of the monitoring
data of the 271-m-high Enguri arch dam, still one of the highest (in its class) dams in
the world, which was built in the canyon of Enguri river (West Georgia) in the 1970s.
Since 1996, the European Centre “Geodynamical Hazards of High Dams” of the
Council of Europe has been operating on Enguri dam. Since 2020, the International
Project DAMAST: Dams and Seismicity has been going on in the Enguri dam area.

Keywords: real time dam tilts/displacements, nonlinear dynamics, diagnostic tools

1. Introduction

The high Enguri arch dam (271 m) was erected in the 1970s in the canyon of the river
Enguri. The dam area is a zone of high seismicity with the moment magnitude M,, = 8. It
is close (several hundred meters) to the large Ingirishi active fault (Figure 1).

The high seismic and geodynamical activities together with the dense popula-
tion downstream of the dam made the Enguri dam with its one billion cubic meters
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Space image of Enguri dam area (upper) and the cross-section of Enguri dam with a monitoring system, a view
from the upper pool (lower): T—Tiltmeters; S—Laser strainmeter.

water reservoir a potential source of a major catastrophe in Georgia. In turn, this
means that the dam should be under permanent monitoring. The first geological/
geophysical prospecting of the Enguri Dam area began in 1956 by the Moscow
Institute “Hydroproekt” and its branch in Thbilisi. Since 1970, the M. Nodia Institute
of Geophysics (MNIG) has been actively participating in the solution of problems
related to dam planning and monitoring.

In 1996, the European Centre “Geodynamical Hazards of High Dams”
(GHHD) with the International Test Area (EDITA) was organized in Georgia by
the Council of Europe (www.coe.int/t/dg4/majorhazards/centres). Since 2020,
Georgia has been participating in the International Project DAMAST: Dams and
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Seismicity—Technologies for safe and efficient management of hydropower reser-
voirs (http://ig-geophysics.ge/IG/wp-content/uploads/2017/08/). Partners plan to
investigate the impact of tectonic, seismic, and technological processes on the Enguri
dam and its environment in order to assess the possible sources of hazard to the
structure and elaborate the modern safety concepts of large engineering construc-
tions in the regions of high seismicity. The project provides for the implementation of
the innovative methods: satellite-based global navigation satellite system (GNSS) and
interferometric synthetic aperture radar (InSAR) systems, microseismic observations
for monitoring tectonic, and man-made deformations of the Enguri dam and sur-
rounding area as well as detail study of the reservoir induced microseismicity.

For the practical use of the monitoring data, we designed the program
DAMWATCH [1] for highlighting the anomalies in the dynamic characteristics of the
measured time series of the tilts/strains of dam during the reservoir regular filling/
discharge process, which may signal the abnormal behavior of the object. To detect
false anomalies caused by the regular technological (repair, planned water discharge,
etc.) and weather factors (waves generated in the reservoir by seiches) and to separate
them from the signals of possible dangerous processes in the dam and its foundation
(anomalous local deformations, etc.), it is necessary to keep the detailed chronologi-
cal list of technological and weather impacts.

Finally, the authors would like to note that the Enguri dam area is an amazing natural
laboratory, where one can investigate in detail the dam response to both the natural (tec-
tonic, meteorological) and geotechnical (lake load-unload) impacts, i.e., the structural,
geodynamical, and seismic reaction to a controllable loading of the Earth crust.

2. Monitoring system, equipment, methods

The creation of an effective monitoring/early warning system (EWS) is a necessary
component for providing a secure exploitation of the large dams [2, 3]. The M. Nodia
Institute of Geophysics (MNIG) and Georgian-European Centre GHHD, operating
in the frame of Open Partial Agreement on Major Disasters at the Council of Europe
(EUR-OPA) developed the permanent multi-disciplinary geodynamical-geophysical
telemetric monitoring network (Figure 2). This cost-effective early warning system
(EWS) consists of sensors (tiltmeters, APPLIED GEOMECHANICS Model 701-2,
laser strainmeters), terminal and central controllers and GSM/GPRS Modem—for
sending information to the diagnostic center (Figure 2).

The Enguri dam area is located in the continent-continent collision zone of the
eastern segment of the Mediterranean Alpine Belt, between the converging Africa-
Arabian and Eurasian lithosphere plates [3]. The branch fault (Figure 1a, b) of the
main east-northeast (ENE), west-southwest (WSW) oriented Ingirishi fault crosses
the foundation of Enguri dam and threatens the dam safety seriously. In order to
monitor permanently the fault behavior, a quartz strain-meter crossing the fault zone
(FZ) was installed 100 m downstream of the dam foundation in December 1974. The
fixed and free parts of the strainmeter are located on the opposite sides of the FZ in
the intact massive; it records fault zone extension (FZE). After 2000 the free end of
the tube is equipped with the laser system (Laser model R-39568, Green HeNe Laser,
633 nm and Laser Position Sensor OBP-A-9 L) instead of old-capacity sensors.

The displacements’ sensitivity of the strainmeter system is of the order of 1 pm/
mm. The monitoring system of the Enguri dam and its foundation includes also,
besides tiltmeters and strainmeters, a network of piezometers and reverse plumblines
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Figure 2.

The monitoring system of Enguri dam consists of sensors (tiltmeters, APPLIED GEOMECHANICS model 701-2)
and strainmeters, which arve connected to terminals and central controllers. GSM/GPRS modem transmits the
data to the diagnostic center.

[4], weather station, and water-level (WL) gauges for monitoring water level in
the lake.

Engineering studies of the dam and its foundation. To study the current state of the
rock mass in the right bank of the dam foundation, several wells have been drilled, and
engineering-geological and geophysical analyses of cores were carried out in 2019. After
filling the reservoir and the emergence of a new aquifer under the dam the pressure varia-
tion at drawdowns and fillings of the lake cause not only the compaction/extension of the
massive, but also the partial dissolution of the crack calcite filler in the mass. According
to the results of wells’ video-logging in the right bank, it should be noted that the rocks in
the upper part of the wells look, for the most part, very strongly destroyed and cavernous.
Probably, during dam operation, many calcite veinlets were eroded, and their filler turned
into a powder and partially dissolved: as a result, a large number of small voids appeared,
which are visually traced on the surface of the well. The presence of the right-bank fault
led to the superposition of the influence of two natural factors (fault, veinlets of quartz
in limestones) and a series of artificial ones (the load-unload cycles, accompanied by the
filtration of water) that arose due to the impact of the system operation. According to the
completed documentation of the drilled wells, the supposed most vulnerable near-contact
part of the dam base is in a satisfactory condition. The results of ultrasonic logging
confirm the indications of video logging and geological documentation data.

To assess the deformation processes of the foundation, a numerical analysis was
carried out using a three-dimensional model of the “dam-foundation” system, taking
into account operational loads and the relative degradation of the deformation and
elasticity modulus in the “load-unload” cycles. The considered factors affect the rota-
tion of the deformation vector of the left dam abutment toward the riverbed and the
right-bank abutment—to the depths of the massif.

The residual displacements of the dam and foundation during filling and
drawdown of the reservoir after 40 years of operation exceed the displacements
obtained by the “dam-foundation” system during the first filling of the reservoir
to the design level. At the same time, the graphs of the calculated displacements of
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the characteristic points on the crest of the dam indicate the damping nature of the
growth of deformations last years, approximately from 2011.

Thus, the features of the canyon shape, the geological properties of the founda-
tion, the geometry of the arch dam and deformations accumulated during many years
of dam operation contribute to the formation of an inhomogeneous stress field in the
rock mass of the left-bank abutment and a less favorable development of deformation
processes compared to the right bank.

3. Results. Monitoring data
3.1 Dam stability measures

Traditional approach. The standard dam diagnostics based on the linear elasticity
model as a rule ignore the microscopic inhomogeneity of the dam material. Elastic prop-
erties of such inhomogeneous materials at small concentration of defects are described by
the theory of effective media [5] and at the high density of defects - by percolation elastic-
ity theory [6]. The standard static analysis of monitoring data was performed using a 3D
finite-element model (FEM) for the dam-foundation system. The correlation between
natural observations and theoretical calculation at lower levels of the dam is acceptable,
but there are significant deviations from the calculated values in the upper dam levels
(Table1). The displacement observations’ data obtained by two different methods
(tiltmeters and plumblines) are in satisfactory agreement (Table 1). The diagnostics of
dam safety according to [7] considers three stages: 1—the normal state (N); 2—the strain
is maximal allowable (MAS); 3—the strain corresponds to a pre-failure stage (PFS). The
most grave diagnose PFS mean that after repeated investigation the exploitation regime
should be changed up to the Ofull shutoff.

The analysis of the table leads to the following conclusions: a. at the WL 360 m,
all the displacements are less than critical values (class N); b. at the level 402 m, only
in the central 18-th section, the displacements are close to critical ones (class MAS); 3.
at the highest level (475 m), displacements of the side sections are larger than critical
by 8-13 mm, i.e., at this level, the state should be considered as class MAS or “faulty.”
At the same time, the dam performs normally, and there are no signs of significant
damage, which mean that the theoretical model should be updated.

The most important drawback of this approach is that the static design model does
not predict nonlinear effects, i.e., the existence of hysteresis phenomenon and the
possible impact of dam material aging.

3.2 Long- and short-term diagnostic tools

Long-term diagnostic tools. In the standard approach to dam safety assessment the
response of real strain/tilt data of construction is compared to the design values based
on Hooke’s linear-elastic constitutive model. If the stress—strain response during
load-unload cycle follows the hysteretic cycle that signals on the significant deviations
of observed data from the static elasticity model (Figure 3, Table 1). The generally
accepted explanation of hysteresis is thermo-elasticity, though the mesoelasticity
theory (see below) can be more appropriate [8].

Other peculiarities of the load-unload process (time lag between water load and
strains in the dam, details of strain build up and relaxation)can also be used for long-
term diagnostics.
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Figure 3.

Left—Horizontal axis—tilts, vegistered in the section 12, mark 402 of Enguri arch dam (in sec), along (X)

and normal (Y) to the dam crest; vertical axis—uwater level in the lake H in meters, during 21 seasonal cycles
(1998-2019); Right—the history of strain during the pressure cycle applied to a system, containing many hysterons.
Note the similarity of the real and theoretical hysteresis curve structures.

Short-middle-term diagnostic tools. Besides above indicators, there are some short-
term features in the low-frequency (LF) part of the spectrum of natural frequencies of
dam vibration (dam tremble), which reflect the response of dam structure to various
impacts such as water discharge, wind and waves, turbine rotation or ambient seismic
noise. This can be used for the operative/express dam state diagnostics, namely, LF dam
vibration spectrum (amplitudes) should respond to the change of the state of dam dam-
age (some frequencies disappear; new harmonics appear, etc.).

3.3 Nonlinear Response—Hysteresis

Figure 3 presents the tilts, registered in the body of Enguri Dam, (Section 12,
mark 402) in two directions, along (X) and normal (Y) to the dam crest versus
water level (WL) in the lake H in meters, during 20 seasonal cycles (1998-2018).

The theoretical interpretation of experimental hysteretic tilt-stress dependences

at present is mainly taking into account thermal effects, though, in our opinion, it
can also be accomplished by the theory of the mesoelasticity (mesoscopic nonlinear
elasticity) model. In the thermal theory of hysteresis, the dam material is considered
as homogeneous media. In reality, the dam material is heterogeneous and contains an
enormous number (10°~10*) of the so-called mesoscopic structural features (mainly
compliant microcracks) in a square centimeters, which means that macroscopic
elastic properties of material depend strongly on the behavior of microcracks under
varying stress. Such structures as a rule manifest nonlinear hysteretic elastic behavior,
which is connected with a specific response of the microcrack system to stress varia-
tion, namely, asymmetric response to load and unload (Figure 3 right). The formal
approximation of experimental annual hysteresis data can be accomplished using

the Preisach-Mayergoyz (P-M) phenomenological model [8]. In the P-M model, the
system is represented by the complex of hysteretic elastic units or hysterons.

The hysteresis in the stress—strain dependence stems from difference in the
number of open/closed defects (hysterons) at increasing and decreasing pressure.
Like in all hysteretic phenomena, this difference in load-unload response is due to
irreversible energy losses during the process of crack growth (or generation) so that
for restoring the population of closed cracks at unloading it is necessary to apply an
additional pressure AP. As the value of AP depends on the concentration of hysterons,
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the opening of hysteresis loop reflects the level of material damage. One can use

this parameter for diagnostics purposes [8]. The above P-M model corresponds to
the reversible hysteresis process (Figure 3, right), which means that after the load-
ing/unloading cycle, the system returns to the initial state. In the real systems, the
process is not reversible as besides elastic strain, there is also residual deformation.
Consequently, in repeating load-unload cycles the positions of hysteresis loops initial
and final points shift along the strain axis, as it is evident in Figure 3. The shift of
hysteresis loops can be used as a measure of residual strain (damage rate) in a given
material.

The variation of the slip rate during load/unload of dam lake can also be related
to the change of the state of fault filling material. During the operation of the dam,
under the influence of loads and physical-chemical leaching processes, a partial
transformation of the vein calcite into a powdered state occurred, which can increase
strain rate (SR). On the other hand, the penetration of hydrothermal solute can lead
to the formation of numerous solid veins and veinlets of quartz and calcite, increasing
the fault stability (increasing friction of fault faces). Some of the observed secondary
short-term hysteresis loops (Figure 3) occur too fast, which make the relatively slow
physical-chemical mechanism less probable.

The decisive validity test of two models—thermoelasticity and hysteron (meso-
scopic nonlinear elasticity)—would be finding hysteretic behavior at the almost
constant temperature conditions: that should be connected mainly with the mesoelas-
ticity effect due to the fast variation of WL in the reservoir, though we cannot exclude
the contribution of thermoelastic component also during the long load-unload cycle.

3.4 Dam reactions—Monitoring data

Reactions of the dam structure to the natural and technogenic strains. As was
mentioned, the generally accepted approach to the dam safety problem is to compare
the observed strain, characteristic frequencies, etc., to the calculated critical values.
The calculated dominant frequency (main mode) on the crest of the Enguri dam is
around 2 Hz, which is in a good accordance with the results of analysis of accelero-
grams recorded during the last 2005 Racha earthquake (EQ ). At the same time, our
data obtained by 701 platform tiltmeters at the high sampling rate (1 per minute)
show that EQs excite vibrations at the much lower frequencies also.

Technical (exploitation) impacts. The tiltmeter recordings show that some techni-
cal operations, including trivial energy cuts as well as scheduled water discharges for
reducing WL at the intensive inflow may induce significant effects on the tilts/strains
of the dam complex [4].

Earthquakes. The analysis of seismic record of the October 6, 2005 Racha event
M = 6, occurred at the distance 100 km, shows that two mean frequencies can be
identified ~1.6-1.7 and ~2.1-2.2 Hz, which mean that for relatively high frequencies,
the dam response is elastic, unlike its hysteretic response to slow strains. At the same
time, our data obtained by 701 platform tiltmeters at a high sampling rate (1 per
minute) show that EQs excite dam vibrations at the much lower frequencies also. The
analysis of low-frequency (LF) response spectra indicates that the network consist-
ing of such tiltmeters extends significantly the frequency range of nonbroadband
seismic devices from 100 Hz to a quasi-static range; this can give enormous additional
information on the dam state.

The distance from the great Tohoku EQ epicenter to Enguri dam is 7800 km. The
Enguri dam responds to the event by appreciable vibrations (Figure 4, right). Only
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Figure 4.

Left, (a)—expanded recording of Enguri dam tilts due to the local Vani EQ: Main EQ—Vani, M = 5.3, 19.01.2011
(distance to dam 80 km) and aftershock M = 4.4; (b)—preliminary tremor 13 hours before main Vani event;
sample vate - 1/minute. Right—Dam tilts at Tohoku (Japan) EQ, M = 8.9 march 11, 2011, at 05:46:23 UTC on the
stations X, Y, and X, Y,; sample rate 1/10 min.

the trace of the long period seismic wave components (30 sec and more) was regis-
tered due to a low sampling rate.

Seisches. In the enclosed body of water, the disturbances of water body by wind,
earthquakes, etc., generate a standing wave or seiches, which, in turn, excite the
vibrations of the dam. The seiche-generated vibrations on the Enguri dam were
recognized by their co-incidence with strong winds. The disturbance from seiches
can be interpreted in the following way: the longest natural period T of seiches in an
enclosed rectangular body of wateris T =2L/ \gh , where L is the length,  is the
average depth of the body of water, and g is the acceleration due to gravity. Inserting
corresponding values L= 25 km and % = 50 m for the Enguri lake, we get for the
period of seiches T = 38 min, close to the observed values: 30-40 min (Figure 5).

Intensive water discharge. The discharge of excess water through a slide gate (dam
outlet) also causes tremors in dam body: their signature is the maximal intensity in
the middle level of dam and smaller intensity at both the upper and lower levels.

Fault strain change due to intensive precipitation. The strainmeter installed on the
fault crossing the foundation of the dam registered abrupt strong deviations of the
FZ strain rate from the regular background values during strong precipitation events.
The observed strain rate exceeds the regular pattern connected with the lake load-
unload by several orders of magnitude. The anomaly could cause serious alarm, if one
does not know the nature of this transient [9].

A detailed study of long- and short-term anomalies is important, as they can be pre-
cursors of a serious trouble. At the same time, some anomalies are of trivial technical
origin connected with dam exploitation, as it was shown above. Thus, it makes sense to
keep a systematic record of anomalies and compare it to usual technical “noise”, as well
as to the impacts of meteorological factors (strong winds, intensive precipitation, etc.)
in order to single out the really dangerous precursors of construction damage.

3.5 Strains in the dam foundation

Figure 6 presents the strain (extension) history of the fault zone (FZE) under
the dam during almost half-century, which demonstrates that dramatic changes can
happen in its dynamics with time. The record of the fault extension rate shows that
significant changes—namely, acceleration and deceleration—occur in 1984, 1987,
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Figure 5.

(a) Example of perturbations in the dam tilts due to strong wind (seiches): Readings from 1 to 171 corvespond to a
calm weather and readings from 171 to 292—To a stormy one. The sample rate—1/10 min.); (b) expanded record
of tremor caused by lake water perturbations due to seiches—The mean period of perturbations is of order of

30—40 min.
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Figure 6.
WL in the Enguri lake (H, meters) from 1978 to 2021 (upper curve) and the data on the extension/compaction (in
micrometers) of the branch of Ingirishi fault, crossing the foundation of the dam, from 1974 to 2021 (lower curve).

Arrow 1 corresponds to the start of strainmeter monitoring.

2004, 2013, and 2017. There are two main components of the strain rate curve—the
piecewise-linear changing increment of the fault opening and superimposed on its
quasi-periodic strain variation.
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N Periods, Number of days within the periods 1-7; in the brackets the same Strain rate
months-years from the zero day (01.04.1964) to the end of a given period microns/year
1 May 1974 Sep 1984 1600 (3807) 250
2 Sep 1984-May 1987 973 (4780) 160
3 May 1987-Sep 2004 6332 (11,112) 147
4 Sep 2004-Apr 2013 3379 (14,400) 233
5 Apr 2013-June 2017 1551 (16,000) 147
6 June 2017-Dec 2021 1160 (17,600) 44
Table 2.

Periods with a different strain vates on the fault.

Table 2 presents the time history of the fault zone extension (FZE) linear com-
ponent, (defined as a straight line approximating the general trend) beginning from
1974, i.e. before the erection of the dam to 2021.

We discuss the possible explanations of the strain rate change we discuss later on.

Intermediate-term strains of the fault zone. Figure 6 shows the pattern of depen-
dence of fault zone extension (FZE) on the water level H. We used the detrended
from the linear part FZE trajectory (i.e., the quasi-periodic decoration of the FZE)
during one year’s recharge period (30 Apr 2013-30 Sep 2013), which is more or less
repeated from year to year to assess the reaction of fault strain to A WL variation.

According to the data, WL rise in the lake by 80 m leads to the (almost reversible)
change in an FZC equal to 70 um . Accordingly, the fault sensitivity to WL variation is
FZE/ AWL ~0.875 pm /m. Note that, actually, the FZ displacement plot is hysteretic
and the above approximation describes only the close to linear (longest) section of the
hysteresis loop (excluding its short initial and final nonlinear sections).

4. Discussion
4.1 Interpretation of monitoring data

To ensure the operative statistical and dynamical investigation of dam stability
problem, the modern methods of nonlinear dynamics analysis of strain/tilt time
series are appropriate to use [10, 11]. Contemporary methods of time-series analy-
sis include detrended fluctuation analysis (DFA) [12], Recurrence Plots (RP) and
Recurrence Quantitative Analysis (RQA) [13], algorithmic (Lempel-Ziv) complex-
ity measure (LZC) [14, 15], mutual information (MI) [16, 17], singular spectrum
analysis (SSA) [18], and Mahalanobis distance (MD) [19].

The suggested methods for dam safety analysis are informative because: i. the
strains/tilts and other geotechnical parameters of the dam as well as dynamic charac-
teristics of strains/seismic activity in the dam area manifest as a rule quasi-periodic
variations in time due to seasonal cycles; ii. due to quasi-periodic dynamics of water
load, the related strain/tilt time series should follow relatively stable orbits in the
phase space; and iii. the strong decrease of time-series determinism or significant
deviation from the stable orbits compared to long-term stable pattern of strains/tilts/
seismic activity can signal on the beginning of instability. In the following, we present
short descriptions of the used methods.
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RP is based on the analysis of recurrences of the system to the certain state (or the
state space location), reflected by appearance of diagonally and vertically oriented
lines in the recurrence plot. This is a fundamental property of any dynamical system
with quantifiable extent of determinism.

RQA enables to quantify the features of the diagonally and vertically oriented
lines in the recurrence plot by means of several measures of their complexity. In this
research, we calculated: i. determinism %DET—the fraction of recurrence points
that form diagonal lines of recurrence plots (they show changes in the extent of
determinism in the analyzed data sets); ii. laminarity %LAM, the number of recur-
rent points that form vertical lines: in other words, it represents the frequency of
laminar states in the system; and iii. trapping time (TT)—the length and amount of
the vertical structures in RP, which show how long the state of the system is trapped.

LZC calculation is used for assessing the extent of order in different data sets by
transformation of a given data set to a new sequence of symbols. For this, the original
data are compared to a certain threshold value (say, the median of the observed data
set) and converted into a 0, 1 series. The obtained symbolic sequence is parsed to
obtain distinct words, which are encoded by a specific rule.

MI—expressed in bits—measures the mutual dependence between two variables.
High mutual information corresponds to the reduction of randomness—if the two
data sets are independent, the MI is low. For fully independent variables, MI is zero,
and for highly correlated variables, MI is of the order of one or larger.

SSA: singular spectrum analysis allows the decomposition of time series into a sum
of independent components. According to [20], using SSA one can forecast new data
points based on the existing information even if the time series are short and noisy.
We use SSA to divide fault deformation monitoring data into two main components:
long-term and short-term oscillations.

MD: Mahalanobis distance for the multivariate data measures a distance relative to the
centroid—a central point of the scattered values. The farther is the given data point from
the centroid the larger is MD. Usually, the MD is used to discover outliers in multivariate
data (large values of MD). This points to the anomalous behavior of the system.

ML: machine learning in the past few years has been used extensively for the pre-
diction of the evolution of nonlinear system learning from the existing past data. ML
allows analyzing the behavior of a dynamic system even if it is impossible to solve the
problem in a closed analytical form. At the same time, the application of data-driven
ML can lead to unveiling of the associated nonlinear dynamics regime [21, 22].

We used most of the above-mentioned nonlinear dynamics methods for the
analysis of Enguri dam temporal behavior [9, 23-30].

4.2 Nonlinear dynamics of the dam structure tilts

In order to test the sensitivity of selected methods and assess the effects of external
influences on the strain dynamics of the dam foundation, strain data sets in the founda-
tion of Enguri HPP in the period from 1974 to 2009 are considered. Figure 7 illustrates
RQA determinism (RQA%DET), %LAM, and trapping times (TTs). It is evident that
for the different stages of dam construction and reservoir filling, significant quantita-
tive differences occur in the recurrence attributes of phase space structures recon-
structed from the fault strain datasets. Note that nonlinear dynamics of strain time
series demonstrate a decrease of initial high enough level of determinism, laminarity,
and trapping time during initial filling of lake with a minimum around 1979. After this,
all the three parameters increase to the maximal values around 1984 and stay high till
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RQA chavacteristics of the displacement of Enguri Dam foundation in 1974-2013: 1. %DET; 2. % LAM; and 3.
trapping times (TT).

2012—in this period, WL variations became periodic. In the following years, the order-
ing decreases significantly (Figure7).

4.3 Nonlinear dynamics of the fault strain

Global tectonic factor. The long-term piecewise-linear trend recorded by strainmeter
(Figures 1-6) documents a persistent separation of fault faces, extending to 7500 pm
(75 mm) during the observation period. The dynamics of fault reflects a joint influence
of two main factors: one leads to a piecewise linear displacement (the trend component)
and the other one—to quasiperiodic oscillations, decorating the main trend. The linear
component of FZE rate (y) depends on the time () following a simple equation: y
(t) = at—b, where the coefficient a, the slope of the linear component of the fault zone
extension (FZE) differs from one period to another (Table 2). The first trend component
(the strain rate 250 wm /m) is characteristic for 1974-1978, i.e. the period before dam

construction and initial lake filling. It is natural to explain it by the action of existing
natural regional tectonic stress. After this period, the fault zone extension rate (FZER) is
varying significantly with time, due to the impact of some non-stationary factors (Table 2).
Probably, the variation of the strain rate of the fault reflects the interplay between
tectonic force, detail fault structure and water lake pressure. The several different epochs
in the strain rate (SR) history (Table 2) can be explained by the interplay of some strain
decelerating/accelerating factors. The 10-meter-wide fault zone is filled with strongly
fractured rocks. Under stress, the extremely fractured/dense granular material exhibits
mechanical properties that range from fluid to solid behavior. This complex behavior is
due to the formation of the force chain networks (FCNs) (networks of force-accommo-
dating chains) under applied stress. As a rule, such interconnected force chain networks
form elastic structures, percolating through a compressed granular system. The force
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Figure 8.

Re%uwence plot analysis (RP) of fault displacements for the 5-year periods: Left—before reservoir filling
(1974-1978); in the next 5 years the RP is the same; middle—during regular reservoir exploitation—the identical
5 yearly cycles are present in the RPs during 1994—2013 years; right—the RP for 2014—2018 differs from previous
regular patterns—The pattern is less regular.

chain network (FCN) supports the applied stress and ensures the ability of a granular
system to resist deformation. Thus, the macroscopic elastic properties of such systems
are determined by the development of percolating force chains. Using the above model,
the first SR deceleration in 1984 can be explained by the increase in the density of
percolating force chain networks (increased elasticity) of the fault gouge due to increased
load on the fault at rising the water level by 150 m. The following SR acceleration 2004—
2013 can be caused by the damage of the existing dense FCN, possibly due to periodically
varying water load cycles leading to the so-called reversed-stress fatigue of material. We
explain the presence of several different epochs in the strain rate history (Table 2) we
explain by the interplay of the above-mentioned accelerating/decelerating factors.

Technogenic impact. Applying singular spectrum analysis (SSA) to the residual com-
ponent of detrended original displacement data in the first 4500-day interval (the sum-
mary time before impoundment, during first fillings and irregular load-unload regime),
we found that the leading period in the power spectrum of FZE time series is about
1.5 years [9]. After this date began the period with quasiperiodic water level variation,
when the clear leading cyclic component with the period close to 1 year appears in the
SSA graph: this cycle was absent in FZE dynamics before a regular variation of WL [9].

We obtain similar results using the recurrence plot analysis of the fault displacements’
45-years history (Figure 8): i. before reservoir filling (1974-1978) and in the next 5 years,
till 1982 in the RP plots there are no clear signs of periodicity; ii. only after the beginning
of the regular exploitation of reservoir, the characteristic periodic recurrent structures—
the identical 5 yearly cycles—appear in the RPs, which last in 1994—2013; and iii. the RP
for the last years (2014-2018) differs from previous patterns—the recurrent structures are
less regular due to some technical repair works on the dam.

According to Figure 9, mutual dependence between WL and FZE variations increases
from relatively low values—from MI=0.4 to MI=0.8—till the day mark 3090, which cor-
responds to the period of nonregular impoundment of the lake and to even greater values
of the order of 1 or more after the start (in 1984) of the regular cyclic regime.

Note also that there is a phase lag between the maxima of WL and the maxima of FZE:
the FZ displacement is retarded relative to WL maxima by several months (Figure 10).
The delay can be explained by the fluid diffusion though the fault over the distance x
from the lake to the strainmeter location (Figure 1). The response looks asymmetric
during filling and discharge of the lake, but after subtracting the strain trend compo-
nent the asymmetry disappears [9]. Using the Biot’s equation of poroelasticity in the
low-frequency limit [31] allows us to understand the observed time lag between fault
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Mutual information (MI) between WL and FZE variations (in bits) versus day number from the Jul-1978 to
Sep-2013.

zone deformation and WL variation. According to it, the diffusion of fluid pressure
perturbation P from a point source in a homogeneous hydraulically isotropic medium
is described by the differential equation of fluid diffusion: dP/dt=DV’P, where D is

the hydraulic diffusivity coefficient. The solution of this equation is [32]: » =+/47Dt,

where r—is the distance from the perturbation source (dam foundation) to a given
point in the media and ¢ is the time, needed for the pore pressure perturbation to
reach a given point. Large phase lag between WL and FZE—200 days—points to the
decisive role of poroelasticity in the fault zone dynamics [33].

The distance between the Enguri dam upper pool (pressure perturbation source)
and the strainmeter site 7 is 100 m (Figure 1) and the mean value of the phase lag
between the maxima of WL and the maxima of FZE during the regular impoundment
regime is of the order of 200 days. Substituting these data into the above diffusion
equation, we obtain for the hydraulic diffusivity D of rocks in the fault zone approxi-
mately D ~ 5x10 m?/s, which is close to the typical D values in similar rocks [34].

4.4 The phenomenon of reservoir-induced seismicity (RIS) synchronization

The probabilistic seismic hazard (SH) analysis of the dam area was carried out
using the Cornell approach and computer program SEISRISK III [35]. For calculation
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Figure 10.

WL in meters (gray) and FZE (black) variations in microns versus the number of the readout’s day (the period
January 1999-December 2009). Note that the maxima of the FZE ave retarded relative to the maxima of water
load by 200 days.
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of the peak ground acceleration (PGA) attenuation model and spectral accelera-

tion (SA) for Caucasus after was used [36]. The maps for PGA and SA for 50-year
exposure time and 1%, 2%, 5%, and 10% probabilities of exceeding critical SA were
compiled [37]. The SA maps were calculated for frequencies of 1.5 Hz and 2 Hz. These
frequencies are close to the first modes of natural frequency of the construction, and
therefore, they are the most hazardous for the dam. The above SH assessment may
change after the implementation of the International Project DAMAST.

The EQs occurred close to the Enguri dam area (at the distance from 0 to 10 km) are
dominated by events connected with the near zone seismicity [9]. They are linked to the
reservoir water-level regime in both space and time. Almost simultaneously with the last
operation of reservoir impoundment, in September 1978, an abrupt reversible compac-
tion by approximately 90 x m (at attaining the critical water level 100 m) was registered
by the strainmeter installed on the fault, crossing the foundation of the dam.

A strong seismic activity very close to the dam: the Rechkhi EQs swarm, with a four
main events of Myy 3.7-4.3, was observed in December 1979 (A = 0-10 km, hypocenter
depth 3-10 km). It followed with a 14-month lag the fast initial recharge (September 1978)
of the lake up to the critical water level (100 m) [9, 38]. According to the existing data
[39, 40], such water load as a rule generates a reservoir-induced seismicity (RIS).

Reservoir-induced seismicity (RIS) may take place either due to the change of
water load and corresponding change in the Earth’s crust stress or by the decrease
in the effective strength of the rocks by the increase in the groundwater pore pres-
sure. These additional strains can induce an increase in both the number and the
magnitude of EQs in the area close enough to the reservoir. As a rule, RIS is a transient
phenomenon, which is observed after filling the reservoir with a delay, which can last
from days to years. After this, the period of seismic activity decreases to the prefilling
values [9] with one important exception: the time intervals between seismic events
became significantly much more ordered than before periodic load/unload of the
reservoir and this regime is persistent even after initial transition period [9]. This
effect can be coined as Reservoir-Induced Seismicity Synchronization (RISS) [26].
The effect seems to be impossible, as the stress invoked by regular water level varia-
tion is a small external force compared to the acting tectonic forces—the main factors
leading to seismic activity.

Nevertheless, the modern theory of synchronization [41] predicts that even a weak
external periodic force applied to an autonomous self-sustained oscillator can adjust its
rhythm. In our case, the water level in the reservoir is the source of periodic force, and
the tectonic fault under dam is the autonomous self-sustained quasi-periodic system
with dynamics connected with other varying factors, such as seasonal snow load, etc.

Next, the seismic process around the test area was investigated using Mahalanobis
distance (MD) parameter based on the data sequences of its temporal, spatial, and
energetic characteristics. The MD calculated for original data was combined with a
surrogate data testing. It is useful to analyze the process based on unevenly sampled
data sets used in this research, namely, sequences of increments of cumulative times
of earthquake occurrences, cumulative distances, and cumulative seismic energies.
After the computation of MD values, they were converted into F-values [19]. F-value
is the confidence level estimate of the statistical difference between two types of data:
here—between original seismic data and the set of randomized seismic catalogs around
Enguri dam [23]. Then, calculated F-values were compared with the critical value for
the randomized catalog, Fc. When F>Fc is calculated, then the null hypothesis that
there is no separation between considered groups can be rejected, which means that
there is a statistically significant difference between groups.
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In Figures 11 and 12, the results of EQ waiting times’ analysis using RQA and LZ
methods are presented. There are several intervals with significant changes in the EQ
waiting times’ regime: 1974-1986—weak regularity in waiting times; 1986-2004—the
interval of irregular seismicity; and 1998-2004—the period of increased regularity of
waiting times with a maximum around 2010.

As is evident from Figure 13, according to MD-analysis, the seismic process becomes
clearly different from a random one in the period, when the water level in the reservoir
changed periodically, with a considerable delay. The ordering has become most obvious
since the end of 2005. It is important that in the period prior to flooding (the end of
1977), the seismic process in the considered catalogue is indistinguishable from random-
ness (in all the windows, the calculated F-values are equal or below Fc). In the period of
flooding and preliminary filling of the reservoir (after 1990), seismicity looks mostly
different from randomness; after 2000 (i.e., several years after the beginning of the lake
periodic loading), in all the windows, F is larger than Fec.
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Figure 11.

RQA characteristics of earthquake waiting (intevevent) times in 1974—2017 in the original seismic catalog in the
Enguri dam avea within 100-km vadius: 1. % DET; 2. %LAM; and 3. trapping times (TT).

1.5 4

14 4
o]
N
—
13 4
12 + v ¥ T T T v '
1974 1980 1986 1992 1998 2004 2010 2016

Year

Figure 12.
Lempel-Ziv algorithmic complexity (LZC) analysis of waiting times between earthquakes for 1974—2017.
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According to Figures 11 and 12 the most ordered period is 1999-2014, i.e., the MD
fixes the synchronization of seismicity several years later than RQA and LZ—possibly,
due to the difference in methodology: the MD is based on the synchronization analysis
of all the three EQ parameters (cumulative times of earthquake occurrences, distances,
and seismic energies). This is distinct from the above RQA and LZ analysis, which
explore only EQ waiting times’ data, which seem to be synchronized with WL rhythm
much easier than magnitudes and distances.

There is some connection between the EQ waiting times’ regime (Figures11-13) and
fault zone dynamics’ rate FZDR (Figure 7, Table 2). Generally, there are three main
periods in both these data sets: initial (weak regularity in seismicity and constant
velocity of the fault strain), intermediate (disordered seismic regime and the decora-
tion of the linear FZDR by the irregular process of lake filling) and stable (ordered
seismic regime and quasi-periodic WL variation). It seems that the ordering process
of seismicity (1998-2004) lag behind the fault strain synchronization by water load
(1980-1982), i.e. by approximately 20 years.
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Figure 13.

F-values sequences from the original and the set of randomized seismic catalogs around Enguri dam: the gray
bars show the scatted of F and circles are the mean values. The hatched line corvesponds to a significant difference
between original and randomized catalogs. F-values were assessed using MDs calculated in 50 data windows

shifted by one data set.
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Results of calculations by DAMTOOL using recurrence quantification analysis (RQA %DET) for the tilt time
series from April 2010 to June 2010. Left—original tilt time series; right: RQA%DET (% of determinism) for the
same time series. Note high values of DET during a regular regime, which points to a highly correlated regime as
well as strong deviations due to geotechnical impact—addition of high-frequency component due to the intensive
discharge of water through the dam outlet in two time intervals (12.05-22.05.2010 and 01.06-11.06.2010).
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4.5 Module DAMTOOL

For the short-term visual control, processing and nonlinear analysis of monitoring
data (say, tilt/strain time series) of engineering constructions the module DAMTOOL was
developed. Figure 14 demonstrates the potential of the nonlinear dynamics approach to
the analysis of tilt time series from April 2010 to June 2010. The figure shows the results of
calculations by the DAMTOOL package of RQA percent of determinism or RQA %DET.
Deviations from the normal behavior in the mid-May and June are evident. Note the high
values of %DET during the regular regime in April and first decade of May (which points
to the stability of monitoring data) and strong deviations due to geotechnical impacts at
the time intervals: 12.05-22.05.2010 and 01.06-11.06.2010, connected with a discharge
of water through the dam outlet. This means that construction damage as well as usual
geotechnical procedures and geological processes in the dam neighborhood can induce
anomalies in the monitoring results. Consequently, it is necessary to keep the minutes of
routine geotechnical procedures in order to single out the signatures of hazardous con-
struction damage.

5. Conclusions

The data obtained by the automatic real-time telemetric system of dam diag-
nostics at the Enguri dam show interesting long- and short-term patterns of tilts/
strain dynamics in the dam body. For example, at the highest level (475 m), the
maximal displacements of the side sections are larger than critical admissible
values (CAVs) by 8-13 mm. This points to the necessity of a new analysis of CAV.
Detail observations discover some new facts of dam behavior, including tilt hyster-
esis during annual loading-unloading cycle, low-frequency dam oscillations, etc.,
which can be used for dam diagnostics. The possible interpretation of hysteresis
phenomena by mesoelasticity (nonlinear elasticity) and thermoelasticity models is
considered.

The strain history of the fault zone under the dam during almost half-century
documents a persistent extension of fault faces, up to 7500 pm during the observation
period as well as dramatic changes in its dynamics with time from 250 to 44 u /year
in the past 20 years.

The nonlinear analysis of tilts/strains time-series data can be used to detect
changes in the dam dynamics/stability. The strains of the fault under the dam (FZE)
manifest relatively high level of determinism demonstrated by quasi-periodic varia-
tions in time due to seasonal load-unload cycle. The FZE is retarded relative to WL
maxima by 200 days, which means that the hydraulic diffusivity D of rocks in the
fault zone D ~ 5x10 m?/s.

The authors find three different stages in the nonlinear dynamics of both the
strain and seismicity time series: i. before dam erection; ii. during dam construction;
and iii. during regular exploitation with characteristic nonlinear dynamics. The start
of the ordering process of seismicity (1998-2004) lags behind the fault strain syn-
chronization by water load (1980-1982) by approximately 20 years.

The strains/tilts of the Enguri dam structure as well as that Of the fault zone under
dam reveal complicated dynamics on various time-space scales. Understanding the
sources of changes in the FZ dynamics is important for decision makers, who should
decide whether the observed data are normal for the routine dynamics of construction or
they reveal anomalies, signaling on developing dangerous processes.
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We, as scientists, engineers, consultants, and owners have to provide a sustainable
and safe water supply for human consumption in cities, especially metropolitans.
Dams and their appurtenant structures are mainly constructed to provide this human
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