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STRUCTURAL ANALYSIS AND REHABILITATION
OF CONCRETE DAMS AND SPILLWAYS- SEPTEMBER/17™

PART | PERIOD SUBJECT AUTHOR

MODELING OF THERMAL PROPERTIES Eduardo de Moraes

| 08:00-10:00 |\ "\ A s STRUCTURES Rego Fairbairn
I 10:15- 12:15 SIGNIFICANT PROBLEMS ON DAMS Selmo Chapira
) ' CONCRETE STRUCTURES Kuperman
) . HISTORIC CASES ON SPILLWAYS Walton Pacelli de
I 13:15-15:5 REHABILITATION Andrade
) ) HISTORIC CASES ON CONCRETE Francisco Rodrigues
IV 15:30-17:30 DAMS REHABILITATION (*) Andriolo

(*) The texts were developed independently, some
overlap may occur. In the text of Part IV this author, only
made reference about the Spillways, leaving the details to
the author of Part lll.
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1. PRESENTATION

To discuss the rehabilitation of Concrete dams, as well as get to know about
the properties of concrete, it is necessary to use the examples of nature
action in dam concrete phenomena over fime.

For both there were used the publications of the committees on dams of
various countries (Brazil, United States, United Kingdom, France, Swifzerland,
Germany, Austria, Portugal, Australia, South Africa, Japan, Italy, India) and
other publications available electronically (see item 7-REFERENCES), and so
this author thanks.

Many of the figures were obtained from available on electronic media.

The extension of the text and the details of each example took into account
the presentation of other authors in this course.
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2- MESSAGE

The reading of the documents consulted brought this author to observe two
distinct scenarios:

e Documents reporting cases of rehabilitation with technical and
managerial details and costs of the actions, and;
e Documents with superficial and inaccurate descriptions.

This induces the author to leave a message to young professionals who
attend this course, and others who may have access to this text, as well as
those from companies in administration of dams:

d “Be careful and consider the relevance of the
information of damages and phenomena observed
in the structures of a public infrastructure”.
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3-HISTORICAL INFORMATION

3.1- Proserpina Dam- Mérida- Spain

The Proserpina Damli®: 021 js g Roman gravity dam, dating fo the 1st - 2nd
centuries, located about 10 km north of Merida, (Badajoz Province-
Extremadura, Spain). Is 427 m long, 12 m high and is on top 2,3 m, crest and
nine buttresses on the inner side of the dam. It was built as part of the
infrastructure, which supplied the city of Emerita Augusta (Mérida) with water.

In the maqjority of the dams built in Spain by the Romans there is a basic
characteristic construction element, almost systematically repeated: the
retaining wall, used to achieve watertightness of the structure. Other elements,
though not always, were added to ensure or complete the stability of the
system. The Roman retaining wall is a very simple concept: a lime concrete
core (opus caementicium), framed by two wall sections made of masonry
(opus incaertum) or ashlar (opus quadratum).
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Proserpina

Inventario de
presas espariolas

1986

In 1991 the Confederacion Hidrogrdfica del Guadiana (Water Management
Administration) started a series of activities for the refurbishment of the dam
and the regeneration of the reservoir, whose waters had reached a high
degree of utrophication and could not be drained, as the deepest outlets —the
original Roman intakes— had lost their function due to the partial silting up of the
reservoir. The removal of these materials revealed nearly 7m of masonry whose
morphology contrasts to some degree with that of the upper part of the
structure, the one known up to that date. This activity and the data obtained
from several drillings and other investigations carried out, enabled a good
evaluation of the structure.
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The dam of Proserpina is formed by a masonry wall (the retaining wall) to which
an earth embankment is attached downstream.

The retaining wall is formed by two granite masonry wall sections —ashlar,
banded stone or masonry, depending on the areas with a core of lime concrete
between them. The maximum height of this wall is of 21,60 m of which the lower
6,60 m belong to the recently discovered masonry. In layout the dam follows
three straight alignments with a total crest length of 427,80 m. On the left edge
there is also an auxiliary wall of about 100 m length used to enclose some areas
where the ground remains below the crest of the dam.
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3.2- Fariman Dam- Raazvi Khorasan- Iran

Large reservoir dams of the Timurid era (1350 to 1490 A.D.) 103: 041 in Khorasan
province can best display the ability of Iranian engineers and architects in
constructing large water structures. In the first half of the period, two gravity
dams of Golestan and Fariman were also built in a similar style and now after
600 years they still stand strong and continue to function.

Oles 9 30

Fariman Weir
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o S——
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The effort that Iranians have put into exploiting water resources is dividable into
two main periods. The first period from 1000 B.C. to the end of the Sassanid
dynasty in 600 A.D. In this period, Iranians started to build diversion weirs in to
control surface water. Among these structures one can mention weirs such as
Daryoush, Bahman, Shahpur, Mizan and Amir that date back to 2000 to 2500
years ago in south west of Iran. All of these structures are weir bridges and are
built with the purpose of bridging and diverting water. There are channels inside
these weirs which carry the water to the mills. The second period of dam building
in Iran started from 1100 to 1620 A.D. In this period, designing and building dams
underwent a significant fransformation. In a way that for the first fime engineers
and architects started to build large dams for the purpose of reservoir water
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4- CONCEPTUAL ASPECTS AND UNDERSTANDING

What is a dam?

e Simply stated, a dam is a man made barrier constructed for the purpose
of storing water;

e The two most common types of dams constructed around the world are
embankment dams and concrete dams;

e A dam consists of a variety of different components, each having its own
unigue potential problem area and inspection requirement. The main
components that make up a dam include: earth or concrete barrier,
abutments, foundation, outlet, spillway and gates.

Dams are special infrastructure which provide significant benefits fo
communities in many ways including providing water supply, flood
mifigation, power generation or irrigation. These structures may require
upgrades or remedial works because of a need for increased storage or as
a result of deterioration due to age, changes in design standards or
inadequate original design.
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The number of dams have increased markedly over the past six decades,
today reaching more than 40.000 (there are other figures reported)®l |arge
dams — defined as those higher than 15m - in operation worldwide.

Concrete dams (as known as today) started to be built in the first half of last
centfury, and are now more than 50 years old. Old concrete structures
worldwide are now facing deterioration problems related to their ageing. To
extend their lifetime and to maximize the benefits of existing dams, safety
and serviceability requirements must be fulfilled.

Height (m) | Earth and/or Rock fill Concrete or Masonry
60- 300 800 1.200 2.000
| 30-60

5.000 2.500 7.500
27.000 3.500 30.500
TOTAL 32.800 /7.200 40.000
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Why should a dam owner have a dam Safety Program?

Dams, by their very nature, can induce risks. Although these risks may be
minimal, they can increase substantially without proper maintenance. In
most situations a Dam Safety Program that includes regular preventative
maintenance, routine surveillance inspections, and the idenftification of
problems in their early stages will ensure that the dam remains in good
operating conditfion.

The number of dams, which need rehabilitation, is growing, not only in
countries that have a long tradition in dam building and operation but, also
in those regions where the infrastructure is still in full development.
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Why should a dam owner have a dam Safety Program?

The availability of complete records on the dam's structural behavior and on
meteorological, geological and hydrological data, as well as the knowledge
of the materials properties of the existing structure are important for the
successful design of a rehabilitation project. While the criteria to be used in
structural design should correspond to current standards, the definition of
hydrological design criteria depends on considerations that vary widely from
region to region or even from one country to another.

Regular inspection reveals defects and evolving shortcomings caused by
ageing or material deterioration, in time to plan and carry out remedial action
without precipitation and excessive cost and before such defects can
develop into serious danger.

A special inspection of affected components of a dam should be made
immediately after extraordinarily large floods or any unusual event such as an
earthquake, sabotage or terrorist action, or others.
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Why should a dam owner have a dam Safety Program?

Summing up the lessons learned from successful rehabilitation projects, the
following steps can be adopted:

e Regular safety inspection is mandatory to detect shortcomings and
problems, to avoid the development of danger and make fimely
remediation possible;

e Every rehabilitation project must be preceded by a review of dll
available design, construction and operation records and a
comprehensive overall site investigation;

e Ciriteria for the design of structural rehabilitation should be in conformity
with current standards and safety requirements;

e Restoration of hydrological safety should be governed by the most
demanding standards or regulations to be applied as required by law or
the current state of the art;

e An increase of spillway capacity requires a previous check of the
downstream reach of the river to avoid possible harmful consequences
of higher flood flows;
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Why should a dam owner have a dam Safety Program?

e Rehabilitation projects can bear surprises. Removal of debris, partial
demolition and preparation of structural reinforcing must be done with
care to avoid the loss of evidence, which could provide guidance to
design and construction;

e River diversion for rehabilitation can be much more complicated than for
original construction and requires very careful studies and minute
preparation;

e Rehabilitation projects are often subject to serious time-related
restrictions. In order not to affect the structural, operational and
environmental safety project financing and timely availability of funds
must be warranted throughout the job.

In some countries in Europe, with the race on to meet renewable energy
targets, increasing the capacity of hydropower projects is proving to be an
attractive alternative to new systems, particularly in some countries where
the potential or new projects is limited.
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What is involved in an Inspection?

The inspection itself should include all of the components of the dam. This
includes a close examination of all accessible moving parts. The inlet and
outlet structures should be inspected with close attention given to the
internal condition of any conduit, pipes or access wells. Anything unusual or
anything that has changed since the last inspection should be noted (i.e.
new or increased erosion, settlement, cracks, seepage or wet areas).

Structural analysis and rehabilitation Historic cases on concrete \=EaUEYIYIy
of concrete dams and spillways pemE rchehlineiien



-ouree O (= L
BORATORIO NACIONAL IBRACON

IIIIIIIIIIIIIII

How important is the inspection, the monliorlng, the maintenance?

e |f designed and constructed properly, should not all dams be
maintenance free¢

e The answer to these questions may seem obvious, but several dams can
considered as a risk.

Dams must not be thought of as part of the natural landscape, but as man-
made structures, which must be designed, inspected, operated, and
maintained and if necessary repaired and/or rehabilitate accordingly.

Maintenance is an ongoing process that not only involves such routine items,
but also includes regularly inspecting the structure and properly operating its
components.

Major rehabilitation of a dam is not normally necessary if the dam was
designed in accordance with good engineering practice, was built using
good construction standards, and is operated and maintained properly.
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Concrete dam Maintenance

Generally speaking, concrete is a reasonably durable material. However,
because of the environment in which it is used, concrete does deteriorate
over the years, and this process is accelerated by exposure to extreme
weather conditions.

The most common form of failure is the breakdown of the surface layers of
concrete as evidenced by the scaling, surface cracking and piftting which
becomes very noticeable.

A more serious form of failure is indicated by the appearance of structural
cracking in the concrete.
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Monitoring- Non Destructive Methods (NDM- NDE)

Conventional dams inspection, in general is rather time consuming and often
cost expensive due to the need of special apparatus or other large lifting
platforms.

Concrete surfaces should be examined in a regular basis to identify spalling
and deterioration due to weathering, or extreme stresses, or other physical, or
chemical damage mechanism. Visual inspections have been so far supported
basically by human expertise and require specialized teams. Due to
operational difficulties, the collected information is often inaccurate, from a
positional point of view.

The use of such methodology requires a previous systematization and
standardization of the main dam deteriorations identifiable by visual
inspections.

Electronics and internet technologies are increasingly facilitating real-time
monitoring. The advances in wireless communications are allowing practical
deployment for large extended systems.
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Monitoring- Non Destructive Methods (NDM- NDE)

The framework for dam monitoring network and integrate online real-time
heterogeneous sensor data, database and archiving systems, computer vision
information, data analysis and interpretation improve usability of information
technology applications and services.

The availability of combined terrestrial imaging systems, has encouraged the
development of a new methodology aiming at registering and codifying into

an electronic environment, the main deficiencies typically surveyed during
visual inspections.

There are a number of Non Destructive Evaluation (NDE) methods applicable to
investigations. Some types of damage, such as voids under a spillway slab or
cracking in the dam interior or on the upstream, submerged face, are very
difficult or impossible to find with only visual means.

The various non destructive methods available use sound waves, radio waves,
and other types of low level energy to penetrate through the concrete beyond
what the eye can see.
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Visual Inspection by Drones

Recent advancement in drone technology, have opened a new chapter in the
visual inspection of concrete dams. Drones are used for visual inspection of
concrete surface and identifying surface cracks and defects. Drones equipped
with Infrared Thermography sensor can also be used for detecting traces of
moisture or sub-surface deficiencies for an enhance inspection.

The utilization of an Unmanned Aerial Vehicle (UAV) as an assisting tool in
inspections is obviously. Furthermore, light-weight special sensors such as
infrared and thermal cameras as well as laser scanner are available and
predestined for usage on unmanned aircraft systems.

The main disadvantage of visual inspection (with or without drones) is that the
method does not provide information about the properties of concrete, or
condition of concrete (physical of chemical damages).
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Impact-Echo (IE)

Impact-Echo can be used to investigate the condition of concrete and extent
of cracking in concrete. The pulse spreads into the test object and is reflected
by cracks, flaws or interfaces, and boundaries. When stress waves travel within
the concrete element, a part of emitted acoustic waves by the stress pulse on
the surface is reflected over the boundary layers, where different the material
stiffness changes.

The data received by the transducer is
normally analyzed in the frequency
domain to measure the wave speed
and the thickness. Impact-Echo has the
advantage of requiring access to only
one side of the component. The
method can be used to identify freeze
and thaw defects in concrete surfaces.
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The Spectral Analysis of Surface Waves (SASW) method has many applications
in material characterization of multilayer systems. This can be used for in-situ
evaluation of concrete quality, thickness of layer and boundary condition in
multilayer systems as well as estimating the modulus elasticity.

The SASW method is capable of providing the shear wave velocity versus depth
profile of a structure, including measurements of the velocity of soils or rock
behind the structure, with no coring or other damage to the structure required.

The methods can be used to evaluate damages due to alkali silica reaction
(ASR), and freezing and thawing which are common in older dam sfructures.
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UPV Tomography / Seismic Tomography

When there is no access problems (2 or more directions available), Ultrasonic
Pulse Velocity (UPV) methods can be used for evaluation of concrete
properties.

Ultrasonic Pulse Velocity (UPV) is an effective non-destructive testing (NDT)
method for quality control of concrete materials, and detecting damages in
structural components.

The most practical form of the UPV measurement in concrete structures is the
seismic tomography. When access is possible, UPV tomography can be used
to evaluate sub-surface deficiencies such as voids, and cracks.

Ultrasonic is applicable for concrete inspection allowing imaging of the
internal structure of objects from concrete, reinforced concrete and stone
work. The operation applies pulse-echo technique at one-side access to the
object.
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Terrestrial Laser Scanners (TLS)

TLS can get the co-ordinates of millions of points in reflecting surfaces, provide
new means for rapid and precise electronic geometric representation of
objects.

It is possible to integrate laser scanner measurements with d|g|’ra| pho’ro—
imagery in a combined terrestrial imaging system (CTIS). TR

e |fis similar to Sonar and Radar but uses Light (Light
Detection and Ranging);

e Transmits a pulse of light and records the returned
pulse of light -records time, divides by two, and
multiplies by the speed of light for distance;

e Able to record thousands of points a second s,
recording target position (X,Y,Z), intensity, and f& %
color (RBG); a

Capable of relative positioning at mm to cm
accuracy.
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Remotely Operated Vehicles (ROVs)

The ROVs are dedicated to a number of inspection projects with severely
restricted access requiring a more compact and portable system. The entire
system is packaged in shock mount and padded cases, which are easily
transported.
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RGB cameras

RGB cameras (that delivers the three basic color components: red, green, and
blue) are mounted on UAVs, resulting on the image quality. An application for
the combination of an UAV and a thermal camera can be used for the hard-
to-access areas.

But it is important to remember that:

Knowledge of
properties of
Technical materials and Are the basic
facilities and concrete in conditions for
. + o o o —
technological conjunction with  the correct
availabilities practical experience monitoring
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Is the Rehabilitation important?

There are more than 40 000 dams in the world. In 1950 there were about 20 000.
That means there are now at least 20 000 dams in the world more than 50 years
old. This is the challenge that faces in dealing with rehabilitation. Many of these
dams were built under difficult circumstances with inadequate resources. 1081
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Management of Rehabilitation
What Is Dam Rehabilitation?

Just like any form of infrastructure (roads, bridges and water pipes) dams serve

an important and sometimes critical function that requires periodic
maintenance and rehabilitation.

The first step in rehabilitation is to develop an investigation program to define
the extent of rehabilitation, and the methods to be used. Operating

experience should be established through structured questioning of operating
personnel and reference to published work.

The construction manager needs regular submissions of supporting data from
the contractor and needs to generate significant records himself. Experience is
needed to anticipate problems before they arise and to arrange for the
necessary data to be collected in good time. Each position in the team carries
well-defined responsibilities. The team must always be led by a person with
sound technical skills and contracts administration experience.
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Rehabilitation is needed to counter two major factors: Material factors on the
one hand, and those associated with the evolution of technology.

e Material factors contributing to ageing include:

Decay through weathering and similar degradation;

Wear of equipment through misuse and age;

Loss of serviceability after prolonged operation;

Damage from natural events including floods, earthquake or landslides;
Damage from vandalism and war.

O O O O O
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e The evolution of technology includes the following:

O

Overcoming construction deficiencies resulting from designs and
construction of the former state of the art. An example is the clearer
appreciation of uplift pressure and how it affects the stability of
structures. This represents no criticism of our ancestors who were
working at their state of the art;

Overcoming the effects of changes in operating conditions, for a
reservoir for example;

Accounting for the improved understanding of the mechanics of
weather changes, hence the better ability to predict the magnitude of
floods and spillway capacity than was possible even a few decades
ago. In a similar vein, to account for a better understanding of
earthquakes and their behavior;

Accounting for changes downstream of a dam where perhaps there is
more development and people now than formerly.

The present understanding of the physics of dam behavior is now improved
and rehabilitation is sometimes necessary to meet legislative requirements.
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Maintenance: the work required to keep the installation in working order. It
includes repair;
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Rehabilitation: is synonymous with remedial measures. It is the limited work
needed to restore to the installation the reliable life expectancy it had when
it was new. Rehabilitation work is not planned or designed to enhance
performance except as a consequence of meeting the specific goal of the
remedial measures and new construction or equipment is provided only to
the extent necessary to meet this goal

Upgrading: is synonymous with uprating. It is the work considered necessary
to maximize the benefit of the existing installation. New construction or
equipment is installed where it can be justified economically.
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Phenomena/ Observation/ Rehabilitation Plan

Concrete cracking was the deficiency most often reported. Other major
problem areas were seepage and spalling. Materials and methods used at
these projects include familiar and conventional approaches, as well as new,
innovative applications.

Some of the repairs are simple and routine; others are highly complex and
require trained personnel to perform. Some methods and materials can be
used as described; others will serve as an impetus to the development of
even more durable, cost-effective methods for preserving this vital part of the
nation's infrastructure.

In some countries there are laws with regard to dam safety that are strictly
enforced. In many countries, however, there is no such requirement and the
engineer who is called upon to investigate the need for rehabilitation has to
work with a more limited data base.
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of concrete dams and spillways pemE rchehlineiien



Course 1 e O @s_s

@©
dam world 8

LABORATORIO NACIONAL IBRACON
DE ENGENHARIA CIVIL i st & o

Phenomena/ Observation/ Rehabilitation Plan

Thus, good practice and government regulation typically requires that:

sufficient monitoring equipment to allow a basic assessment of the
behavior of the structure and its foundation;

the monitoring equipment must be kept in good condition;

measurement data should be roufinely evaluated, comparing the
readings with the long term behavior;

a regular inspection of the dam, the reservoir and the area downstream
should be made, and this should also include geological and
hydrological aspects;

where unusual behavior is noted, a call for an independent expert
inspection be recommended.
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Phenomena/ Observation/ Rehabilitation Plan

The following factors are important when carrying out the detailed design of
rehabilitation work.

e Detailed consideration of construction techniques;

e The effect on the existing structure of the methods of rehabilitation;

e The effect on the structure of using materials that have different
properties to those of the original materials;

e Monitoring the success in meeting the aims of the Rehabilitation Plan;

e Mitigation of environmental impact.
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5- REHABILITATION

5.1 REHABILITATION OF THE FOUNDATION

5.1.1 Loss of Strength under Permanent or Repeated Actions
Phenomena Examples

Alternating strain and stresses in the foundations 1;2;3,4;,5; 6,7, 8;
A-001; A-002; A-003;

Aspect A-004; A-005; A-006;
e Movements of rock joints; A-007.

e Initiation and propagation of cracks;
e Seepage

Detection/ Monitoring Rehabilitation/Repair Action
e Uplift pressure, ] Strengthening by grouting;
e Displacements; Strengthening by anchors or tendons;
e Drain blockage; Drainage;
e Seepage Impervious face;
New dam

Structural analysis and rehabilitation Historic cases on concrete \GR=ALE Ar}jggg%'f
of concrete dams and spillways camsirenanilitation




0]
Course 1 e O (=
LABORATORIO NACIONAL !E‘R_éﬁgﬂ CBDB

DE ENGENHARIA CIVIL

5.1- REHABILITATION OF THE FOUNDATION
5.1.2- Erosion and Solution

Phenomena Examples
Dissolution and piping in fault and rock joint fillings, 3; A-004

soluble rocks, and in consolidation grouting

Aspect

e The flow of water in erodible or fractured rock can increase leakage from
the reservoir;

e More dangerous are solution processes within the dam foundation

Detection/ Moniioring

Changes in the piezometer head;

Rehabilitation/Repair Action

e Grouting of the cavities, as far as they are accessible;
e Grouting curtain

Structural analysis and rehabilitation Historic cases on concrete \GR=ALE AVLV?ZLL?JOO
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5.1- REHABILITATION OF THE FOUNDATION

5.1.3 Grout Curtains and Drains

Phenomena Examples

Deterioration vusually leads to increased 2; 3;

seepage, higher uplift or erosion A-005;
A-006;

Aspect A-007

Inadequate design, use of unsuitable pipe and filter

materials;

Poor quality of construction;

Climatic conditions;

Clogging of drain holes, pipes and wells

Detection/ Monitoring Rehabilitation/Repair Action
Monitoring the amount ande Grouting of the cavities, as far as
turbidity of seepage water they are accessible;

e Grouting curtain;

e Reconstruction

Structural analysis and rehabilitation Historic cases on concrete \=E a9y

dw2018 | 41

of concrete dams and spillways camsirenanilitation



COUI’S@'I @ 6 @G_B dam world

LasoraT6rio NAconaL  IBRACON
DE ENGENHARIA CIVIL B s

5.2- REHABILITATION WORK CONCERNING THE DAM BODY
5.2.1 Chemical Reaction Resulting in Swelling

Phenomena
Water is an important role in this scenario which has two il 12; 13; 14; A-008;
main origins: A-009;
e alkali-aggregate reaction and; A-010;
the action of sulfates on concrete and mortar A-011;
A-012;
A-013;
A-014;
A-015

Alkali-aggregate reaction;
Sulphate action also can result from the oxidation of
iron sulfide (pyrite) contained in some aggregates
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Rehabilitation/Repair Action

Mitigation of the effects of swelling has been tried by several methods as:
e cutting slots to relieve the siress caused by the expansive reaction;
* reinforcement or post-siressing in an attempt to reduce the deformation;
* additional weight has been used to reduce the stress in the concrete so as

to allow it to operate at a lower stress level;

e waterproofing the upstream face of the dam to deprive the action of
water;

e confine the concrete in critical zones to isolate the effect;

e break out the damaged materials and replacing them by sound
mortar/concrete
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5.2- REHABILITATION WORK CONCERNING THE DAM BODY

5.2.2- Shrinkage and Creep Leading to Contraction

Phenomena Example
Cracks and/or displacements 17

Aspect

Shrinkage: Deformation of concrete associated with the chemical processes
of setting:
Creep: Deformation behavior of concrete under load.

Detection/ Monitoring

Long term monitoring of displacements. Visual inspection is also valuable in
describing cracks

Rehabilitation/ Repair Action
Structural strengthening
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5.2- REHABILITATION WORK CONCERNING THE DAM BODY
5.2.3- Degradation at Dam Faces

Phenomena
May be caused by chemical reaction between the
materials and external agents from the environment,
including reservoir and underground water, air and
temperature changes.

Degradation is more serious for structures of low quality built
in severe climates, structures containing thin elements and
those exposed to the action of aggressive waters

Examples
15; 33; A-011;
A-012;
A-013;
A-014;
A-015;
A-016;
A-017

Aspect

The permeability of the dam body;

 these pore fluids may react aggressively with concrete and mortar
constituents;

 temperature variations cause both cracking and the opening of joints,
thereby influencing the overall permeability of the structure;

* the growth of plants especially in the joints of masonry.
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Detection/ Monitoring
Visual inspections,
Measurement of in-situ density and in-situ some velocity, frough non
destructive inspection;
water flow measurements, and;
cores for laboratory tests.

Rehabilitation/Repair Action
Prevention of water from entering the dam body. Reducing the effects of
exireme temperature variations.
Replacement and repair of the upstream face.
barrier coatings to the upstream face of a variety of materials
including bitumen, mastic asphalt, resins, chemical impregnation,
concrete, metal or PVC membranes
grouting the upstream part of the dam body
repair of the facing.
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5.2- REHABILITATION WORK CONCERNING THE DAM BODY
5.2.4- Loss of Strength Due to Permanent or Repeated Actions

Aspect Examples

The development of cracks sometimes begins during 4. 8- 9: 10: 11:
construction and develops over time, its influence on the | 17: 19: A-018:
dam behavior only becoming significant after some years. A-020: A-021:
A-022; A-034;
A-035

Detection/ Monitoring
e Visual inspections;
e Non destructive inspection,

Eng. Andriolo
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Rehabilitation/Repair Action

Reduce or remove the causes of cracking by strengthening the structure or

by the physical protection of exposed faces.

o Sirengthening the structure to reduce the level of siress in critical locations
by :

o grouting in joints and cracks;

o construction of additional buttresses and backfilling, and filling of bays
between buttresses and hollow chambers in butiress and multiple arch
dams;

o providing additional vertical loading through prestressed anchors or
additional mass.

e Reducing the range of temperature variations by :

o physical insulation and protection of the faces of gravity, arch and
multiple arch dams;

o closing the bays between butiresses to reduce the circulation of air ;

o grouting works, to reduce leakage through open joints and cracks;

e improvement of drainage.
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5.2- REHABILITATION WORK CONCERNING THE DAM BODY

5.2.5- Structural Joints
Phenomena Examples
Deterioration of joints (Contraction -Construction) leads to loss [§ A-023;A-024;

of their mechanical and hydraulic properties A-025;A-028;
Aspect A-029;A-030;

This scenario is worsened with the leakage through the joint [ A-031:A-032;
and development of uplift forces. A-033

Detection/ Monitoring
Visual inspection-for detection of cracking and wet zones, as well as
measurement of seepage and leakage;
Leakage in galleries and at the downstream face of the dam;
Lime efflorescence on the concrete face.

Rehabilitation/Repair Action

These works are usually carried out at the upstream face, or inside the dam

body, either near the upstream face or at the surface of galleries.

e Breaking out and reconstruction of the joint, with a new waterstop;

e Grouting of joints and cracks to restore the joint watertightness;

e Holes crossing the joint or crack through which an appropriate sealant is
grouted.
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5.2- REHABILITATION WORK CONCERNING THE DAM BODY
5.2.6- Pre-Stressed Structures

Phenomena

Although the use of pre-stressing forces in structures is a current

technique, it is not much used in dams, excepting for trunnion

bearings of spillway gates.

Aspect

e The need for an increase may be associated with the raising of the dam, the
deterioration of the materials or because of changes in national regulations;

e tfo increase the thrust between the cantilever blocks or against the
abutments in arch dams;

e to compensate for the tensile siresses developed next to the points of
application of large concentrated forces, such as those near the trunnion

anchor blocks, to facilitate the future

bearings of large sector gates.
Rehabilitation/Repair Action
Installation of additional tendons.
installation of additional tendons.

Structural analysis and rehabilitation Historic cases on concrete \GR=ALE Ar}jv(vsziS?JOO
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5.3- REHABILITATION TO IMPROVE STATIC STABILITY
5.3.1- Pre-Stressed Structures
Aspect Examples

The resistance to overturning or sliding of a dam on its foundation lf é6: 7: 8: 9:

rock must be improved 10; 11;
A-035;

A- 036;
A-037;
A- 038;
A-039;
A-040;

Detection/ Monitoring

Until the 1930s the causes and effects of uplift under a gravity dam
were not fully understood. It was not until the 1960s that the
foundations of gravity dams were routinely and systematically
drained at depth.

As a result the dams were found to be unsafe in terms of modem
design standards. No drainage was provided.

Rehabilitation/Repair Action

Rehabilitation work is necessary to increase the stabilizing moment or sliding
resistance of the cross section.

Rehabilitation may be necessary to achieve acceptable stability against
seismic load.

e by enlarging the profile of the dam,

e by adding ballast, or

e by installing pre stressed anchors
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5.4- REHABILITATION OF GATES AND OTHER DISCHARGE EQUIPMENT

Phenomena 'Examples |

The life of mechanical and electrical plant is usually no more
than about 30 or 40 years.

The problems experienced by hydraulic equipment that limit its life are
caused by the combined effects of corrosion, erosion and poor maintenance,
and technical ageing.

Detection/ Monitoring

Vibration of the equipment

Rehabilitation/Repair Action
Maintenance and good operating procedures, and repairs
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5.5- SEDIMENTATION

Phenomena

Sedimentation 971 is a natural process that can have dramatic consequences
for dams, most notably a reduction in storage capacity.

Even if the intensity of silting differs from one area to another, the classification
of the risk should be considered a tool of forecast during planning and
exploitation of dams.
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The author has prepared 140 examples of rehabilitation, with 35 major and
comprehensive and the remaining 105 are described in annex.

CASE |IDENTIFICATION |[COUNTRY REHABILITATION REFERENCES
/ REPAIR

[J Camard bDam  Brasil 2002 2017 [08]

ASPECTS

On the night of 17 June 2004 the dam broke after a foundation failure,
reaching part of the territories and inhabitants of the municipalities of Alagoa
Nova, sand and the urban sites of two cities, where the disaster took on
bigger dimension. The dam was rebvilt by 2017.
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CASE |IDENTIFICATION |COUNTRY REHABILITATION REFERENCES
/ REPAIR

Oroville Dam 1968 2017-2018 [09]-
hitps://en.wik
ipedia.org

ASPECTS

In February 2017, Oroville Dam's main and emergency spillways were
significantly damaged, prompting the evacuation of more than 180,000 people
living downstream along the Feather River and the relocation of a fish
hatchery.

In the midst of widespread rainfall during the 2017 California floods, damage to
the dam's main spillway appeared on February 7, resulting in its closure as
management tried to assess the extent of damage and ways to mitigate further
damage. As storms dumped significant precipitation on the area, the lake
level rose until it flowed over a concrete weir at the top of the dam's

Structural analysis and rehabilitation Historic cases on concrete \=EaUEYEly

dw2018 | 56

of concrete dams and spillways camsirenanilitation



COUI’SG 1 ( ‘\ CNPGB dam world %)

LABO (‘)
DE ENGENHAR A CIVIL

CASE |IDENTIFICATION |COUNTRY REHABILITATION REFERENCES
/ REPAIR

Oroville Dam 1968 2017-2018 [09]-
hitps://en.wik
ipedia.org

ASPECTS
There was no single root cause of the Oroville Dam spillway incident, nor was
there a simple chain of events that led to the failure of the service spillway
chute slab, the subsequent overtopping of the emergency spillway crest
structure, and the necessity of the evacuation order. Rather, the incident was
caused by a complex interaction of relatively common physical, human,
organizational, and industry factors, starting with the design of the project and
continuing until the incident. The physical factors can be placed into two
general categories:

 Inherent vulnerabilities in the spillway designs and as-constructed
conditions, and subsequent chute slab deterioration;
* Poor spillway foundation conditions in some locations.
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REPAIR

(L] Center Hill Dam 1948 2008-2012 [10; 11]
ASPECTS
The consiruction of Center Hill Dam was completed in 1948. The dam is
combination earth and concrete dam and provide valuable flood damage
reduction, hydropower, water supply, recreation, and water quality benefits to
the region.

The earth main dam and saddle dam were built on highly solutioned limestone
with open and clay-filled features. During the time of construction, designers
had limited understanding of adequate earth dam foundation preparation
techniques in karst geology. Seepage problems have plagued the project for
many years. Indicators of serious seepage through the foundation of the main
dam and saddle dam include abnormal piezometer levels, wet areas and
springs. An approved 2006 Major Rehabilitation study recommended
foundation concrete cutoff walls along the entire length of the main dam and
saddle dam and grouting of the rims. Initial construction work elements began
in 2008, preliminary grouting was completed in late 2010 and main dam barrier
wall construction began in 2012. During construction, additional information
was gained and a formal risk assessment completed which altered the
recommendation.
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CASE |[IDENTIFICATION |[COUNTRY REHABILITATION/ REFERENCES
REPAIR

(L Center Hill Dam 1948 2008-2012 [10; 11]
ASPECTS

Less grouting along the rims and a roller compacted concrete (RCC)
reinforcing berm downsiream of the saddle dam (in lieu of a barrier wall) is
recommended in a Supplement to the original Major Rehabilitation study.
Aggregate used for the concrete was taken from an onsite quarry in the
Ordovician Cannon Formation, but no limitation was placed on the alkali
content of the cement. Until 1947, all concrete used in the structure was non air
entrained.

A detailed engineering inspection in August 1967 found several horizontal lift
joints to be leaking excessively. Two of these joints were located near the
center of the spillway near crest elevation. The conclusion reached by this
investigation was that the cause of the leakage was poor bond resulting from
deficient construction. The joints were reinforced with anchors/bars to assure
monolithic action of the lifts.
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CASE |[IDENTIFICATION |[COUNTRY REHABILITATION/ REFERENCES
REPAIR

(L Center Hill Dam 1948 2008-2012 [10; 11]
ASPECTS

In the late summer of 1983, cores were taken from the dam, galleries, adits,
powerhouse, spillway piers, and spray walls and were sent for petrographic
examination and testing. The mineralogical composition of most of the rock
was calcite with some dolomite and quartz and some clays and feldspars.
Some of the rock types were identified as potentially reactive. The concrete
cores contained many aggregate particles with reaction rims left in relief when
the more soluble carbonate particles were acid etched. The tests on the
concrete cores and petrographic examinations led to the conclusion that
some potentially reactive aggregates were used in the concrete. There was no
proof that shortening the bridge spans and spillway gates was more than a
short-term solution to operational deficiencies and that the structure might not
continue to grow.
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CASE |IDENTIFICATION |COUNTRY REHABILITATION/ REFERENCES
REPAIR

(LI Kolnbrein Dam  Austria 1979 1989 [12]
ASPECTS

The dam foundation rock consists of gneiss formations, layered at the left
abutment, schistose on the left flank of the valley and massive elsewhere. Each
rock type has a different bulk modulus.

During construction the quality of the rock abutment had been improved by
injecting 480 t of cement from 20 000 m of bored holes. On first filling in 1978,
when the reservoir level reached 1890 m, 42 m below the normal full storage
level, the seepage into the drains just above the base of the dam increased
suddenly. The cause was considered to be a new set of inclined cracks in the
foundation rock running from about elevation 1750 m downstream between the
control gallery and base of the dam.

The cracks were assumed to be a consequence of high shear stresses in the
base of the slender dam.
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CASE |IDENTIFICATION |COUNTRY |FINISHED |REHABILITATION/ |REFERENCES
REPAIR

04 olnbrein Do : o 979 989

ASPECTS

Ad hoc measures were carried out to reduce the high pressure and the seepage:
e grouting with epoxy resin
* a freezing zone had been installed as a temporary measure in the cracked
zone at the base of the dam
* a concrete apron had been installed on the valley floor upstream of the
dam in order to cover the crack zone in the abutment.
Although the desired reduction of uplift and seepage had been achieved, no
satisfactory improvement of the dam behavior had been gained. A concept for
the rehabilitation was developed comprising the following measures:
e As the high shear stresses in dam and abutment were considered
responsible for the development of cracks, the lower parts of the dam were
to be horizontally supported by a massive concrete block;
e Grouting with cement and with epoxy resin was planned to stabilize the
cracked zones and to provide a watertight abutment;
 Grouting measures were necessary to improve the abutment below the
upstream toe, especially for the empty reservoir condition.
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CASE |IDENTIFICATION |COUNTRY REHABILITATION/ REFERENCES
REPAIR

(LI Kolnbrein Dam  Austria 1979 1989 [12]
ASPECTS

The rehabilitation work began in 1989 and was finished successfully in 1994. The
adopted solution was to install a 70 m high supporting block of concrete
downsiream of the dam. Its function is to support the lower third of the dam, but
only when the water in the reservoir exceeds a certain level. It was therefore
necessary to bring the two elements together only after a certain water load
had been applied. The problem was solved by installing reinforced neoprene
cushions at nine levels at concrete consoles. Each cushion was connected to a
double steel wedge construction that could be calibrated in height from adits
below and above their horizon.
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CASE [IDENTIFICATION |COUNTRY REHABILITATION REFERENCES
/ REPAIR

Upper  Stillwater USA 1987 1988 [13; 14; 15]
Dam

ASPECTS

The first reservoir filling, during the fall of 1987, provided the downstream
hydrostatic force which instigated the foundation movement. Unusually high
piezometer readings were also recorded early in the filling process. Horizontal
movement of the foundation on the argillite layer was recorded by multiple

point borehole extensometers beginning in June 1988.

Shrinkage/temperature cracks, some of which extend continuously through
the parapets, crest, galleries, and downstream face, resulted in significant
leakage in at least 15 distinct locations.

These cracks, one of which was up to a 6 mm wide, was probably aggravated
by the relative downsiream foundation movement since some displacement
could be seen at the large crack. Leakage rates at the worst crack reached
126 1/s. while others recorded leakage rates around 9.5 I/s. Extensive remedial
grouting and crack repair was required to reduce the leaks.
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CASE |IDENTIFICATION |COUNTRY REHABILITATION/ REFERENCES
REPAIR

Upper Stillwater USA 1987 1988 [13; 14; 15]
Dam

ASPECTS

In addition to seepage from cracks in the dam, there was also significant flow
from the foundation drains.

In 1988, during the first filling of the reservoir, a continuous crack was
discovered in the foundation gallery.

The Bureau of Reclamation repaired this and other similar but smaller cracks at
various stations. Due to the potential for crack movement with seasonal
reservoir level changes, a flexible hydrophilic polyurethane resin was selected
for injection into the cracks. The selected repair procedure was to inject the
crack with polyurethane resin in 3 stages.

Work for the first two stages was executed from the gallery and the
downstream face at elevations below the reservoir water level. When the flow
of water was controlled, a urethane resin pump system was connected to the
injectors, and resin was pressure injected into the crack.
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[ Alum Creek Dam  USA 1974 1975 [16]
ASPECTS

On April 24 1975, during a periodic inspection of the completed dam, the US
Army Corps of Engineers expressed concern about the safety of the spillway
monoliths. The rock underlying the dam is highly fractured below the base of
weathering. Within this shale are several light gray, silty to clayey shale seams
up to 0.30 m thick. It may be possible that the spillway monolith and its
underlying bedrock could slide, opening a gap between the monolith and the
rolled earth dam leading to rapid and catastrophic erosion of the dam. To
prevent the concrete monolith from sliding forward, it was decided to install
seven cable anchors deep into the bedrock. Each anchor consisted of
bundled, high strength steel cables that were concreted into the bottom of the
holes. They were then hydraulically tensioned and the holes filled with grout.
Anchors were installed at a 45 degree angle to a depth of 7.9 m below the
foundation of the ogees.
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/A Pacoima Dam USA 1929 1971-1976 [17; 18; 19]
ASPECTS

The dam was severely shaken by an earthquake of Richter magnitude 6,5. The
left abutment proved to have inadequate seismic stability, and rock
movement, cracking, and uplift pressures were observed. Interim rehabilitation
measures included repair of sprayed concrete cover, stripping of loosened
rock, installation of abutment relief drains, repair of left abutment grout curtain,
consolidation grouting of upper left abutment, repair of spillway lining, and
construction of an emergency outlet.

The permanent rehabilitation work included stabilization of the rock abutment
with post-tensioned anchors. In addition, cracks and the open joint between
the dam and thrust block were repaired by cement grouting.

The existing grout curtain in the foundation and abutment was repaired and
extended. Further consolidation grouting of the foundation rock was carried
out.
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Lessons Learned from Earthquake performance of Concrete jil:y4
Dams
ASPECTS
An important paper was published in the April 1979 issue of International
Water Power and Dam Construction entitled Response of Concrete Dams to
Earthquakes. Authored by Kenneth D Hansen and Lovuis H. Roehm.

The paper reporied on the performance of 17 concrete dams in nine
countries that had been subjected to ground shaking in excess of 0.10 g.

From the recorded performance of these and the other dams, it was
concluded, in general, concrete dams had performed exiremely well when
subjected to earthquake motions, even when shaken by forces far in excess
of their design loading.
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[ Bluestone Dam 1949 2011 [20]

ASPECTS

New calculations identified the possibility for dam failure due to the monoliths
sliding on the bedrock. As a result, a total of 216 high-strength anchors,
comprising high strength multi strands, were installed at critical monoliths to
stabilize the dam.
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[ Rassisse Dam  France 1954 1992 [21; 22]
ASPECTS

Rassisse Dam is an arch dam with an artificial abutment on the right bank,
which is reinforced with two tendons each of 12 000 kN. These tendons were
designed to provide additional downforce equivalent to 80 % of the weight of
the abutment. The safety conditions were under control, in spite of uncertainty
over the condition of the tendons, because a model analysis showed that the
required pre-stressing force is smaller than that initially assessed
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Morris 1941 1987-1994 [23]
Sheppard Dam

ASPECTS

The dam was successfully rehabilitated between 1987 and 1994, adopting:

e the lowering of the reservoir as an emergency response when the
movement was discovered;

e the initial stabilization of the dam, by the addition of relief wells and grouting;

The maintenance personnel observed that cracks and spalls had developed in

the heavily reinforced exterior walls of the powerhouse, also. Further

investigation of the existing conditions revealed:

e That extensive corrosion of the embedded reinforcing steel was causing the
thick concrete cover to shear off at the exterior face of the reinforcement;
Delaminated concrete on the sloped top and verlical face of large
encasement blocks that anchored the diameter penstock pipes that feed
water from the lake to the generators’ turbine wheels; and
Spalling concrete beneath several of the large concrete struts located
between the massive butiresses that support the dam S concrete slab
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Ui Ennepe Dam  Germany 1904 1997 [24 ; 25]
ASPECTS

Between 1909 and 1912 the dam was raised by adding a 10 m high masonry
block on the crest to increase the storage capacity. Therefore all remedial
measures have had to be done during normal reservoir operation.

The Ennepe Dam has to be adapted to the established technical standards and
safety regulations. The construction of a drainage- and inspection gallery with a
Tunnel Boring Machine has been the most spectacular part of the rehabilitation
work so far and has been successfully finished in August 1998.

This was considered as a difficult task for a TBM due to the curved axis of the
gallery and a distance of only 3.5 m to the upsiream face of the dam. In
October 1997 the TBM began the driving of the access tunnel. From the tunnel,
fans of drainage holes were bored within a test section.
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1P llisee Dam Switzerland 1924 1997 [26]
ASPECTS

Displacements were observed that were attributed to Alkali Silica Reaction
and an impermeable layer was installed on the upsiream face in an attempt
to reduce the seepage of water into the dam, hence to slow and vltimately to
stop the expansion process. The dam is faced with rough masonry and
transition layers of geosynthetic materials were used instead of more
traditional methods to make good local defects and to prepare the dam
surface for the application of the PVC membrane.

o
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HEI Friant Dam 1942 1992/1997 [27]

ASPECTS

Alkali-aggregate reaction caused the expansion of the concrete at the
outermost piers of the downstream face of the dam. The expansion caused
binding of the drum gates, thus affecting operation of the dam. Following a
1992 study, the U.S. Bureau of Reclamation, decided to replace the outer drum
gates with rubber dams and rehabilitate the inner drum gate. Further studies
were implemented and BuRec decided to use the Pneumatic Spillway Gate
System to replace the two outer drum gates. This system consists of high-
strength steel gate panels connected to the spillway crest with a pivotal,
reinforced elastomeric hinge. Inflatable actuators clamped along the hinge
sections within an embedded keyway in the spillway concrete are used to
operate the gates. This system provides a leakproof connection.
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HEI Friant Dam 1942 1992/1997 [27]
ASPECTS
The Obermeyer Spillway Gate system is a patented bottom hinged spillway
gate with many unique attributes that include:
Accurate automatic pond level control even under power failure conditions.
Modular design that simpilifies installation and maintenance.
Unlike hydravulic spillway gates, Obermeyer gates are supported for their
entire width by an inflatable air bladder, resulting in simple foundation
requirements and a cost effective, efficient gate structure.
Thin profile efficiently passes flood flows, ice and debris.
No intermediate piers are required.
Obermeyer Spillway gates are a great investment due to low installation
cost, decreased maintenance, and increased revenue through optimized
head.
These features are the result of combining rugged steel gate panels with a
resilient pneumatic support system.
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Flexible Structures- Spilway Gates [166]

ASPECTS

Rubber dams are flexible hydraulic structures. A rubber dam mainly consists of
four parts:

(1) arubberized fabric dam body;

(2) a concrete foundation;

(3) a control room housing mechanical and electrical equipment (e.g. air
blower/water pump, inflation and deflation mechanisms); and

(4) an inlet/outlet piping system.

The dam body is fixed onto a concrete foundation and abutments by a single
or double-line anchoring system. A typical foundation of the rubber dam has
upsiream and downstream cutoff walls to lengthen the groundwater seepage
path and thus reduce the uplift force of ground water.

The first Fabridam was installed on the Los Angeles river, California, for
groundwater recharge and flood mitigation.
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Rio Descobertio Brazil 1974 2000 [28]
il
ASPECTS

Some leaching water started to be observed at the downstream face since few
years after the end of the construction, and filling the reservoir.

Some remedial works were adopted in different periods, adopting grouting and
drainage systems, with no remarkable success. After several analyses, the problem
origin diagnosis was the presence of pyrite on the concrete aggregate combined
with the acidic water action.

A diaphragm wall was adopted as the rehabilitation methodology. This “In the wet”
technique, permitted the water supply for Brasilia (1.5 million people) to be not
interrupted or affected in the course of the rehabilitation works. The reservoir’s
water quality was continuously controlled during the process, and kept at the same
level.

The process concept is based on the insert of a waterproof secant pile diaphragm
wall inside the body of the dam, 70 cm far from the upstream face. The diaphragm
is performed from the dam crest without any interference with the reservoir water,
need of water level drop or intake obstruction. The secant bores are performed in
sequence by drilling equipment with the use of a special guiding template.




Q
Course 1 S O (e
L