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ABSTRACT

In this master’s thesis, a stability analysis of the Longtan dam, located in the Tiane County in
China was completed. The objective was to investigate the stability of the dam concerning the
safety factor against global failure modes, considering overturning and sliding of the dam dur-
ing its normal operation conditions. Another objective was to locate critical areas in regards of
material failure. The latter objective was analyzed for normal operation conditions and with the
accidental load from an earthquake.

The calculations of the safety factor against overturning considering the maximum water
level in the reservoir gives a factor of 2.37 for the non-overflow section and 2.24 for the over-
flow section. Both sections exceed the suggested factor of 1.5 and the dam can therefore be
considered stable in regards of overturning.

The stability against sliding was evaluated by calculating two factors, the sliding factor, Fe,
and the shear friction factor, Fsg. For Fss when considering the maximum water level in the
reservoir, the factor of safety for the non-overflow section was 0.51 and for the overflow sec-
tion 0.45. These values should not surpass 0.5, which it does for the overflow section. However
the value is close to the limit so it can be considered stable. The calculated safety factor during
maximum water level in the reservoir for Fsg was 2.86 for the non-overflow section and 2.89 for
the overflow section. For this factor to be completely satisfied, the factor should exceed a value
of 3.0, which is not the case. The safety against sliding can therefore be questioned to an extent.

To analyze the critical areas and the magnitudes of the principal stresses and any develop-
ment of plastic deformations in the material, a 2D numerical model was created with the soft-
ware ANSYS.

The analysis was divided into 5 steps for each section. Step 1-3 simulate the construction
of the dam, step 4 simulates the dam during normal operation and step 5 simulates how the dam
reacts to an earthquake during normal operation.

The models show that the most critical areas of the dam will be located in the heel, toe
and the grouting galleries close to them. It is in those areas the highest concentrations of tensile
and compressive stresses are occurring. Plastic strains that increase with each step occurs in the
heel and the ground below it.

The most notable effect of the seismic event is that it creates larger zones of high tensile
stresses at the heel and leaves a larger area of plastic strain.

The conclusion made is that with consideration to global failure modes, the dam can general-
ly be considered stable, but the safety could be higher. The results from the FE-model show that
large tensile stresses occur in the heel of the dam, which exceed the tensile strength of the con-
crete. In long term, this could lead to forming of cracks in the dam and therefore a reduction in
dam stability.
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NOMENCLATURE

vii

Nomenclature in alphabetical order divided in Roman, Greek, uppercase and lowercase letters.

Roman uppercase

A
D-P or DP

YV
W

Roman lowercase

JxQ 5 —hD O

Greek lowercase

< = R

Area

Drucker-Prager

Elasticity modulus (Young’s modulus)
Force

Finite element method

Limit equilibrium factor

Shear friction factor

Sliding factor

Overturning factor

Shear modulus

Summation of horizontal forces
Moment of inertia

First invariant of stress tensor
Second invariant of stress tensor
Bulk modulus

Active pressure coefficient
Passive pressure coefficient
Moment arm for Y H

Moment arm for YV

Moment

Mohr-Coulomb

Restoring moment

Overturning moment

Moment on the centroid of the plane
Pressure

Roller compacted concrete
Thickness or length of section
Volume

Summation of vertical forces
Self-weight of the dam

Cohesion

Eccentricity

Residual friction factor
Peak friction factor
Gravity acceleration
Spring constant

Mass

Plane angle
Unit weight
Effective unit weight
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Strain

Slope angle to the vertical of upstream face
Slope angle to the vertical of downstream face
Material constant in D-P

Material constant in D-P

Poisson’s ratio

Density

Stress

Compressive strength

Normal stress

Tensile strength

Vertical normal stress on horizontal plane
Major principal stress

Intermediate principal stress

Minor principal stress

Shear stress

Frictional angle

Dilatancy angle
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1 INTRODUCTION

1.1 Background

China is the country with highest population in the world and has a fast growing economy. The
growing economy means that the industrial sector is under rapid expansion. The industrial
sector is accountable for about three quarters of chinas energy demand. Since 2005 the
electricity generation has at least doubled and in 2011 China became the largest power
generetor in the world. (U.S. EIA, 2015)

The total installed energy capacity in 2013 is shown Figure 1.1. The pie chart shows that
63% of the total capacity consisted of coal combustion. With today’s problem of global
warming, coal is not a good source of energy since it leads to large emissions of carbon-
dioxide.

nuclear

total installed 1%
capacity
1,260 GW
solar
¥ —1%
F ™ biomass ond
-4 other
oil 19
2%
natural gas
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Figure 1.1: The installed electricity capacity in China at the end of 2013. (U.S. EIA, 2015)

Chinas economic growth is predicted to continue which means the energy demand will increase
and the energy production has to be expanded. China has also stated that by 2020 at least 15%
of all energy consumption should come from renewable resources (U.S. EIA, 2015).

Figure 1.2 shows the progression of China’s energy production from 1978-2015. The use of
fossil fuels consisting of coal, crude oil and natural gas has since around year 2000 started to
decrease. As the use of fossil fuels decreases the use of other energy resources has to increase to
meet the increasing energy demand.
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Figure 1.2: Diagram of Chinas’ energy production composition in percent (%) from 1978 to
2015. Values are obtained from China Statistical Yearbook 2016 (China Statistic Press, 2016).
Primary electricity and other energy can be viewed as renewable resources (mainly hydropow-
er).

There are many large rivers in China, which the state has made use of by constructing many
hydropower dams and they account for 22 % of the total installed hydropower globally
(Solidiance, 2013). However there are plans to expand the hydropower sector even further. In
2013 China had an installed hydropower capacity of 280 GW and the government’s target is to
have an installed capacity of 480 GW by 2020 (U.S. EIA, 2015) (Solidiance, 2013). To reach
this goal, more hydropower dams have to be constructed.

Hydropower dams are large constructions built to regulate the water flow of rivers and ex-
ploit it to create energy. The stability and safety of these constructions are of big concern since
a failure is very likely to lead to disastrous consequences. One way of understanding dam sta-
bility is to analyze already constructed dams. This thesis will investigate the conditions of the
Longtan Dam which is located in the Hongshui River.

1.2 Dam Failures in China

The Bangiao reservoir dam was completed in 1952 and its purpose was to generate electricity
and to control the water levels in the river to prevent flooding. The dam was 24.5 meters high
and made of clay. After the dam was completed, cracks appeared in the construction and sluice
gates due to engineering errors. They were repaired with help of Soviet engineers and the dam
was considered stable. (Environmental Justice Atlas, 2017)

One of China’s best hydrologists, Chen Xing, was involved in the construction and was a
critic of the government’s dam building policy. He had recommended twelve sluice gates but
the final construction only had five. Chen Xing was ultimately fired from the project because of
his criticism of the safety standards. (Environmental Justice Atlas, 2017)

On the 6™ of August in 1975 the dam was subjected to the typhoon Nina. The typhoon led to
heavy rainfall and 1060 mm precipitated in 24 hours. The rainfall that occurred on that day was
more than what was expected during the entire year. The typhoon led to increasing water levels
in the reservoir. There was made a request to open the dam sluice gates but it was first denied
due to the severe flooding downstream of the dam. The second request to open the gates was
accepted but the water volume was too much for the sluice gates. On the 8" of August the water
level in the reservoir crested 0.3 meter higher than the protection wall and it failed. In combina-
tion with this, Shimantan Dam and 62 other smaller dams also situated in the Huai river basin
failed. (Environmental Justice Atlas, 2017)
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The failure led to a 10 kilometers wide and 3-7 meters high wave, which rapidly developed
downstream at approximately 50 kilometers per hour. The estimate of fatalities was 26 000
people that died directly from the wave and the flooding and 145 000 people who died from
following epidemics. About 5960 000 buildings collapsed and it affected 11 million people.
This dam failure made the stability issue a big research question in China and the government
started to take it more seriously. (Environmental Justice Atlas, 2017)

1.3 The Longtan Dam

The Longtan dam is located in the Tiane County, and is situated in the Hongshui River. The
dam fulfills several tasks besides its purpose of producing electricity; it also provides flood and
irrigation control and shipping.

The dam was constructed as a roller compacted (RCC) gravity dam with a height of 216.5 m
and a body length of 850 m (Zhang, 2017). The construction of the dam began in 2001 and it
reached full production in 2009.

The dam construction was divided into two stages: during the first stage the normal water
level in the reservoir was 165 meters, the crest had a height of 172 m, seven installed turbines
gave a production capacity of 4200 MW. The second construction stage raised the normal water
level of the reservoir to 190 m and the crest elevation to 196.5 meters, two additional turbines
raised the capacity to 5400 MW. (Zhang, 2017)

1.4 Aim and Objective

This work will investigate how the stability changes during different stages for the lifetime of
the dam. The thesis is focused on high concrete gravity dams and the Longtan dam is used as a
case study. However the method is applicable to any similar construction and thus the intention
is to show a way for these types of dams to be evaluated in a more general matter.

The stability analysis will investigate the safety against failure during constructional and
operational phase. A stability analysis will also be performed for the occasional load of an
earthquake. Stress and strain analysis will be performed and a non-linear method which consid-
ers the plastic deformation will be used.

The analysis will be performed for five different cases; three stages for the construction pro-
cedure, one case for normal operational phase and one with occasional conditions (in this case
the dynamic load from an earthquake is added).

The following research questions are aimed to be answered:

1. What is the safety factor of the dam for global failure modes such as overturning and
sliding during normal operation phase?

2. Where will the critical points of the dam be located in regards of material failure?

3. How does the dam behavior change during construction phase and how does it react to
seismic ground motion?

1.5 Limitations
The thesis only covers the theory of concrete gravity dams and a case study of the Longtan
Dam is mainly used in the analysis.

The numerical model of the Longtan dam consists of 2D sections of both the overflow and
non-overflow part. In order to analyze how these sections would affect and interact with each
other a 3D model of the whole dam should be established.

A numerical model is always a simplification of the real case and assumptions will affect the
result. Simplifications and assumptions are described at appropriate sections of the thesis.
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2 THEORY

2.1 Concrete Dams

There are three main types of concrete dams which are commonly constructed; arch dams, but-
tress dams and gravity dams (FEMA, 2014). The Longtan dam which is being studied in this
thesis is a gravity dam but below is some information about the differences between the three
dam construction types.

2.1.1 Gravity dams

The basic concept of a gravity dam is that their self-weight ensures the stability of the construc-
tion. They are normally constructed of solid concrete and are straight in shape. However, there
are gravity dams which are curved but this thesis will not investigate those further. The design
is rather simple since it is basically a triangular shaped cross section where the upstream face is
vertical and the downstream side is constructed as a slope. (Bureau of Reclamation, 1976)

Gravity dams usually consist of two different kinds of sections, an overflow part and a non-
overflow part. The non-overflow section is higher than the overflow part and the water level is
not allowed to reach the highest level of this section. The overflow section is used to control the
water level in the reservoir. (USACE, 1995)

Concrete dams can be constructed as both conventional concrete dams and Roller-compacted
concrete dams (RCC). The methods are quite similar but there are some differences in the mix-
ture contents used and how it is done during the construction process. The construction process
of a RCC gravity dam will be described later but the important difference is that the RCC con-
crete has lower water content and can be roller compacted before it has hardened. (USACE,
1995)

2.1.2 Arch dams

Arched dams are also made of solid concrete but they do not rely on their weight for stability.
The loads from the water reservoir are instead transferred via an arching effect to the dam’s
abutments. The design of the abutments is very important since the arched dam rely on them for
its stability. The load distribution depends on the design of the dam as well as on the material. It
is important to try to avoid tensile stresses when designing an arched dam since concrete is very
weak against tensile stresses. (FEMA, 2014)

2.1.3 Buttress dams

Less volumes of concrete are needed to construct a buttress dam in comparison to the gravity
dam which is the main advantage with this solution. The buttress dam is normally sloped to
approximately 45° on the upstream side of the dam with supporting slabs (or similar supporting
objects) on the downstream side. As a result from the slope on the upstream side the water pres-
sure does not only act horizontally but also vertically. This helps the dam to act a bit more like a
gravity dam, the vertical forces from the water provides stability to the construction. (FEMA,
2014)

It is also important to note that each buttress have to be stable on its own which makes the
buttress dam a bit more complex than a gravity dam. The buttresses act on a small area which
leads to higher stresses at the foundation which can cause failure if the ground conditions are
poor. (FEMA, 2014)

2.2 Construction of a Gravity Dam
The use of roller compacted concrete (RCC) for gravity dams has developed quickly during the
last 40 years. It has become a widely used and accepted method for construction of gravity
dams all over the world. (Zulkifli et.al., 2014)

Concrete are usually defined as a composite construction material which is composed of
aggregates, cement and water. The definition of RCC is defined just as the name; concrete
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compacted by roller compaction. The application of RCC is used when it is economical com-
petitive with other conventional construction methods. The placement method for RCC results
in a much lower cost per cubic meter than methods for conventional concrete. This is mainly
due to the lower water content in the RCC which makes it less fluid in comparison with regular
concrete. The consistency allows for a wider range of machinery and equipment to be used dur-
ing construction which reduces the cost. The economic benefits of RCC are increasing with
increasing construction size which makes it well suited for high concrete dams. (USACE, 1995)

The concrete mix is very important for the stability of the dam. This will not be covered in
detail but basically it has to be fluid enough to distribute the past binder through the mass but it
also has to be solid enough to carry heavy machinery so that it can be compacted. (USACE,
1995)

The dam concrete is added in layers of (normally) maximum half a meter without any rein-
forcing rebar. The interfaces between the layers are considered weaker sections of the con-
struction. The surface has to be prepared before the new layer is added to remove the weak lai-
tance film and thus enhance the performance of the dam. If this is not done correctly there is a
risk of having weak horizontal planes throughout the construction which also can lead to seep-
age. (USACE, 1995)

2.3 Important Parameters and Variables

2.3.1 Stress

Stress is a complex and a fundamental parameter that has to be grasped in rock and structural
mechanics. It is important to note that stress is not a scalar or a vector. Stress is a tensor which
means it is a quantity with magnitude, direction and “the plane under consideration”. (Hudson
& Harrison, 1997)

Stress is defined as the force acting on an area, see equation 2.1. There are both normal
stresses and shear stresses which will act on a plane, these are illustrated in Figure 2.1. The
shear stresses are denoted as t and the normal stresses are denoted a,,. As the name tells the
normal stresses act normal to the cut and the shear stresses will act parallel. (Hudson &
Harrison, 1997)

Force

Stress = (2.1)

Area

Figure 2.1: Illustration of normal stresses and shear stresses acting on a cut in a material.
Picture obtained from Engineering Rock Mechanics: An Introduction to the Principles (Hudson
& Harrison, 1997).
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In reality there are 9 different types of stresses that will be present in a structural problem.
There are three different normal stresses and six different shear stresses. This is better illustrat-
ed on an imaginary infinitely small cube of the material as seen in Figure 2.2

X
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Figure 2.2: Illustration of the six shear stresses and three normal stresses present in a mate-
rial. Picture is obtained from the website MechaniCalc (MechaniCalc, 2017).

The normal stresses can be of both compressive and tensile character (Hudson & Harrison,
1997). A tensile stress is often the most critical type of stress for materials as rock and concrete
while they can handle the compressive stress better.

If the material is in moment equilibrium a few simplifications is possible to make; the shear
stresses must then follow these three conditions (Hudson & Harrison, 1997):

® Tyy = Tyx

° Tyz = sz
¢ Tyy = Tyx-

This leads to that the stress state which was defined as nine stress components now are defined
by six components. These are three normal stresses and three shear stresses, gy, 0y, 0,7, Ty,
T,, and 7,,. The stresses are often illustrated in a matrix to make mathematical procedures easi-
er (Hudson & Harrison, 1997):

Oxx Txy Txz
Txy Oyy Tyz

Txz Tyz Ozz

The stress components in the matrix are dependent on the orientation of the imaginary cube,
seen in Figure 2.2. Where the normal stress components reaches their maximum and minimum
values when the shear components become zero on all faces. When this happens the stress ma-
trix can be written: (Hudson & Harrison, 1997)

g 0 0
[ 0 o, O ]
0 0 o3

When the cube is aligned in this way the three normal stresses are called principal stresses. The
stress state is often defined with these three principal stresses due to its simplicity. These prin-
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cipal stresses are commonly denoted as o; > o, > g5. This means that the largest principal
stress is gy, 0, is the intermediate principal stress and o5 is the smallest principal stress.
(Hudson & Harrison, 1997)

2.3.2 Strain

Strain is a change in the configuration of points within a solid. It can also be described as de-
formations or displacements. Strain follows from stress, a solid subjected to stress will deform.
The magnitude of the strain depends on the structure and the magnitude of the acting stresses.
(Hudson & Harrison, 1997)

Strain can be simply explained as the ratio of the displacements in length compared with the
undeformed length. Strain is however a three-dimensional property and all of the three Carte-
sian axes are involved. Similar to the stress there are both normal strains and shear strains.
Normal strain and its associated displacement occur along one axis, shear strain depends on all
Cartesian axes. Strain is similar to the stress a second-order tensor and the matrix can be illus-
trated as (Hudson & Harrison, 1997):

Exx Exy Exz
Exy Eyy Eyz
Exz Eyz Ezz

Just like the stress matrix, it is symmetrical and thus has six independent strain components. If
the orientation is so that the principal stresses are present there are no shear strains since there
are no shear stresses. The matrix can then be written as: (Hudson & Harrison, 1997)

&g 0 0
[ 0 & O ]
0 0 &

2.3.3 Young’s modulus & Hooke’s law

In the elastic theory, the force needed to stretch an elastic object is proportional to the extension
of the material. This was discovered by Robert Hooke in the 17" century and the law can is
defined as: (Khan Academy, 2017)

F = —kx (2.2)

The spring constant, k, is a material property, X is the extension and F is the force needed for
the elastic deformation. Hooke’s law is only viable during linear elastic conditions which mean
that when the force is lowered, the deformation will return to its original shape.

Young’s modulus, E, is the resistance of a material against being elastically deformed. The
modulus can be defined at any strain but if Hooke’s law is assumed it will be a constant. It is
defined as: (Khan Academy, 2017)

E=2 (2.3)

2.3.4 Frictional angle

The frictional angle ¢ is a a measurement of how well a material can take shear stresses and is
defined as the angle (°) between the normal force (N) and the resultant force (R) attained when
the material has failed due to shear stress. The angle of friction is a fundamental parameter in
the Mohr-Coulomb failure criterion. (Encyclopedia, 2017)
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2.3.5 Density
Density is the definition of the mass per unit of volume of a material, see equation 2.3. The
density p is calculated using the mass, m, volume, V, of a material (ThoughtCo., 2017)

pP=3 (2.3)

2.3.6 Poisson’s ratio

Poisson’s ratio is a ratio with relation to a material’s elastic properties. It is defined as the nega-
tive ratio of transverse strain to the axial strain in an elastic material subjected to a uniaxial
stress. In other words it is the ratio of the change in thickness to the change in length during
uniaxial stress conditions. A simple illustration of this can be seen in Figure 2.3. (Gercek, 2007)

ORIGINAL SHAPE

SHOWN 8Y FULL
| —| LINES.
: T—+t—T
| | |
| | | |
: | |
| | |
| | |
| | |
| |
| T
| | |
|
| d_d1_ 1
|
(A) TENSION {B) COMPRESSION

Figure 2.3: Illustration of Poisson’s ratio. (Engineers Edge, 2017).

The theoretical span of values which the ratio can obtain is between -1 and 0.5. The limits come
from the fact that Young’s (E), shear (G) and bulk (K) moduli of an isotropic material has to be
positive. There are some materials that can have a negative Poisson’s ratio and they are called
auxetic materials. However almost all materials have a positive Poisson’s ratio.

2.3.7 Dilatancy angle

Dilatancy of a material is the plastic change in volume of the material that occurs when the ma-
terial undergoes distortion due to shearing. The dilatancy is determined by the dilatancy angle
Y (°). Dilatancy angle of a material is usually determined from a tri axial test. An illustration of
how the dilatancy angle influences the material can be seen in Figure 2.4. When the dilatancy
angle is equal to zero there will be no plastic volume change during shearing. (Bartlett, 2017)

—_—

No dilatancy, dilatancy angle = 0. Note that
the unit square has undergone distortion
solely.

e_
Dilatancy during shear. Note that the unit
square has undergone distortion and
volumetric strain (change in volume).

<

Figure 2.4 Influence of dilatancy angle. (Bartlett, 2017)
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2.4 Forces Acting on a Dam

Loads acting on a dam are classified in to three categories, primary, secondary and exceptional
loads. This is generally done to make it easier to understand the importance and influence of the
loads.

2.4.1 Primary loads

Primary loads are of concern and importance to all types of dams independent of the material or
type of design. They are the loads which has most influence on the dam stability. These primary
loads are generally related to water level and the weight of the dam. (Novak et.al., 2007)

2.4.1.1 Water Pressure

The most significant load that acts on the dam will be the water pressure that is created by the
water in the reservoir on the upstream side of the dam displayed in Figure 2.5. Some water
pressure will also be generated on the downstream side at the toe of the dam created by water
that has passed the dam. This water pressure will act in the opposite direction compared to the
pressure from the upstream side. (The Constructor, 2017)

downstream side

upstream side

,,1‘ w.H v B ;Il’
Figure 2.5: Water pressure from the reservoir acting on a dam. (The Constructor, 2017)

The water pressure, B, is calculated with equation 2.4a and 2.4b:

SxgxH?
P, = —%

, for horizontal loads (2.4a)

P, = & x g * H * B, for vertical loads (2.4b)

where H [m] being the height of the water level, B [m] the width where the force acts (vertical),
p [kg/m®] is the density of the water and g [m/s?] is the gravitational acceleration.

2.4.1.2 Self-weight

The self-weight of the dam is one of the major resisting forces of the dam. The forces are calcu-
lated by considering the mass of the concrete, the size of the dam and any additional structures
added to the dam (The Constructor, 2017). The self-weight of the dam, W, is calculated with
equation 2.5:

szc*v*g'l'ZFex (2-5)
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Where p, [kg/m®] is the density of the concrete used, V [m?] is the volume of the dam monolith
and )’ F,, is the sum of any other installations on the dam that could add to the self-weight of
the dam.

Inside the dam there will always be voids due to the installations of machines and other es-
sential parts, there is usually no need to consider these voids when calculating the self-weight of
the dam unless these take up a substantial part of the dam volume. (Federal Energy Regulator
Commision)

2.4.1.3 Uplift and seepage

In the foundation of a concrete dam, a water pressure will develop because of water penetrating
cracks and fissures. At the upstream side of the dam the uplift pressure will be equal to the wa-
ter height of the reservoir and on the downstream side the height of the tail water.

The uplift pressure can be reduced by installing pressure relief drains in the bedrock or
draining galleries located in the lower parts of the dam. The pressure between the heel and toe
can be assumed to be linear if no drainage is present (Federal Energy Regulator Commision).
This can be seen in Figure 2.6.

line of
pressure
relief

no drains

'ufuu 21 4

ya
ith drai st
il Pul = Ywka(2—22)
with drains

{b) Theoretical pressure = = (c) Assumed pressure
distribution envelopes

Figure 2.6: lllustration of linear uplift pressure (Novak et.al., 2007).
The equation for the assumed uplift without drains thus becomes according to equation 2.6.

Z1+2z,

By =Txy,* >

(2.6)
where T [m] is the thickness of the section and y, * z is the hydraulic pressure. The uplift pres-
sure P, will be located at a distance y; from the heel according to equation 2.7:

T 2*xz,+z
% 2tZ1

yi=3 2.7)

Z2+Z1

2.4.2 Secondary loads
Secondary loads are generally considered as loads that are of lesser magnitude than the primary
loads. Secondary loads thus have lesser impact on the overall dam stability.
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2.4.2.1 Sediment

During the lifespan of a dam, sediment from the river, generally silt will start to build up at the
face of the dam. This will create additional pressure on the upstream side of the dam. The load
that the sediment produces depends on the unit weight of the sediment, the height of the sedi-
ment and the active lateral pressure coefficient. The equation for the load generated by sedi-
ment pressure Psis defined by equation 2.8:

syl % 2
p =" (2.8)

2here y, [kN/m®] is the saturated unit weight of the sediment, Z3 [m] is the sediment depth, and:

K, = 1=sings (2.9)

" 1+sin Ps

2here, @ [°] Is the angle of shearing resistance of the sediment. Predicting the sediment load is
depending on reservoir characteristics, river hydrograph and other factors making accurate pre-
dictions very hard. However the load generated by accumulated sediment is rarely critical for
dam design with exceptions for small flood control dams. (Novak et.al., 2007)

2.4.2.2 Waves

Wave loads are dynamic loads that are generated when a wave hits the face of the dam. It is a
force that is seldom accounted for when designing a dam due to its small magnitude and ran-
dom occurrences. (Novak et.al., 2007)

2423 Ice

In places where the climate allows ice to form in the reservoir of the dam, sheets of ice can gen-
erate thrust against the crest of the dam. For areas where the thickness of the ice sheet is gener-
ally less than 0.4 m the loads generated by ice can be neglected due to its low influence. (Novak
et.al., 2007)

2.4.3 Exceptional loads
Exceptional loads can be considered as loads which have a low probability of occurring but can
have a major effect on dam stability when they occur. (Novak et.al., 2007)

2.4.3.1 Seismicity

Seismicity generally occurs when there is a sudden release of energy that has been built up
along faults in the earth. The release of this energy will generate seismic waves that travel
through the ground. These seismic waves can be divided in to two main groups: body waves
and surface waves. The body waves come first and got a higher frequency than the surface
waves. Body waves can be divided in to two types, primary (P-wave) and secondary waves (S-
Wave. (UPseis, 2017)

The primary wave, or P-waves, are the fastest type of wave and can move thru both solids
and liquids. It moves with a type of push and pull pattern which can be seen in Figure 2.7. The
secondary wave, or S-wave, arrives after the P-wave and is therefore slower. In comparison
with the P-wave that moves with compression, the S-wave travels with a shearing motion, seen
in Figure 2.7. Because of that, the S-wave can only travel thru solids and not liquids. (UPseis,
2017)
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Figure 2.7: lllustration of motion-pattern of P- and S-Waves. (Physics and Astronomy, 2018)

Surface waves do, as the name indicates, only occur around the surface of the earth’s crust and
travels with lower frequencies compared to the body waves. These waves are responsible for
almost all destruction caused by earthquakes. (UPseis, 2017)

There are two types of surface waves. The first type is called Love wave and is the fastest
type of surface wave. As it moves, the ground will go from side to side. The second type of
surface wave is the Rayleigh wave. The Rayleigh wave moves with a rolling pattern in the
ground and therefore it makes the ground move up and down. The movement of the surface
waves is illustrated in Figure 2.8. The largest waves that occur are usually Rayleigh waves.
(UPseis, 2017).

Love wave
.m /ﬂ
\ "2l E\‘\ /;_ ot /’//

Rayleigh wave

Figure 2.8: lllustration of the movements of surface waves. (Virtuasoft Corp, 2017).

2.5 Stability Analysis
In order to perform a stability analysis for concrete gravity dams it is important to account for
the different failure modes. According to Novak et.al., (2007) there are three different failure
modes that can occur for this type of construction

e Rotation and overturning

e Translation and sliding

e Overstress and material failure.
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Overturning and sliding is the overall structural stability of the dam construction. These two
criteria must be satisfied for all horizontal planes within the dam and the foundation. Overstress
and material failure is dependent on the strength of the rock and concrete as well as the induced
stresses. The third criteria must thus be satisfied for the material in both the construction and
the foundation. (Novak et.al., 2007)

The stability analysis for overturning and sliding criteria will be performed by hand calcula-
tions using the gravity method. The analysis will be performed on a 2D cross section of the dam
and the plane strain conditions will be assumed. The following three assumptions have to be
made (Novak et.al., 2007);

e The concrete is homogeneous, isotropic and uniformly elastic.

e All loads are carried by gravity action of vertical parallel-sided cantilevers with no mu-
tual support between adjacent cantilevers.

¢ No differential movements affecting the dam or foundation occur as a result of the water
load from the reservoir.

Stress analysis will also be performed by hand calculations. The result from this analysis is
mainly used to validate the FE-model. The stress analysis using the gravity method is based on
the elastic theory and two more assumptions have to be made (Novak et.al., 2007);

e Vertical stresses on horizontal planes vary uniformly between upstream and downstream
face

e Variation in horizontal shear stress across horizontal planes is parabolic.

It is however important to note that the last two assumptions are less valid near the base of the
dam. This is because stress concentrations develop around the heel and the toe of the construc-
tion. (Novak et.al., 2007)

2.5.1 Active forces

For all three criterions the forces acting on the construction have to be found. The forces which
can be present are described in subchapter 2.4. When the forces have been derived they are di-
vided into horizontal and vertical forces to make the stability analysis possible. It is also im-
portant to know where the forces are acting in order to enable a moment analysis. For this thesis
the following loads will be considered:

Water pressure from the reservoir and tail water
Self-weight of the dam construction

Uplift force from pore pressure

Sediment pressure

Seismicity (only in FE-model)

2.5.2 Overturning stability

Overturning is dependent on the forces acting on the construction and the self-weight of the
dam. The basic concept of the failure mode is that the forces create a moment around the toe of
the dam which leads to a rotation of the construction. Overturning a gravity dam of a significant
size is an unrealistic instability mode according to Novak et.al., (2007). However the safety
factor should be calculated and evaluated. (Novak et.al., 2007)

A simplified way of calculating the factor of safety against overturning is to perform a calcu-
lation of the moments acting around the downstream toe of the dam. The moments are a result
of the forces described in subsection 2.5.1 Active forces. The factor of safety is defined as.
(Novak et.al., 2007)
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ZM ve
Fo =5 (2.10)

M. is defined as restoring moments (positive) and M., are overturning moments (negative).
The restoring moments are acting resistant to the overturning and the overturning moments are
the driving moments. The factor of safety, Fo, is thus the ratio between resisting and driving
moments acting around the toe of the dam. The safety factor should not be allowed to be less
than 1.25 but a value exceeding 1.5 is desirable. (Novak et.al., 2007)

2.5.3 Sliding stability

The failure mode sliding is the occurrence of a movement along any weak plane in the con-
struction and its foundation. If the resistance against movement is lower than the driving forces
the construction will start to move. This failure mode is in general the most critical one. (Novak
et.al., 2007)

The resistance to sliding in any plane within the dam will be a function of the resistance
against shear failure which the concrete can mobilize. The weak points in the construction are
usually the concrete-rock interface at the foundation and the horizontal construction joints in
the mass concrete. For the sliding resistance in rock it is important to perform investigations of
the geological conditions. Faults, joints and other discontinuities can reduce the shear strength
of the rock. (Novak et.al., 2007)

The stability factor against sliding can be defined by three different definitions;

e Sliding factor, Fss
e Shear friction factor, Fsg
e Limit equilibrium factor, Fe.

This thesis will cover the sliding factor and the shear friction factor but the limit equilibrium
factor will not be considered.

The resistance to shearing which can be mobilized along a plane is dependent of the cohe-
sion, ¢, and the frictional angle, ¢, of the material.

2.5.3.1 Sliding factor

The sliding factor is a simplified analysis method which assumes that the resistance is purely
frictional. This means that no shear strength or cohesion can be mobilized along the plane. The
sliding factor is therefore defined as the ratio between all horizontal forces and vertical forces
acting on the specific plane. (Novak et.al., 2007)

>H

If the plane being analyzed is inclined at a small angle, o, the equation is extended to the fol-
lowing were the angle is defined positive if the sliding is uphill.

é:_s—tan (04
Fos = 200 (2.12)
1+Z_V tan a

Evaluating the factor is a bit unusual since it is better with a low value. During normal loading
conditions the factor should not exceed 0.75. During extreme loading conditions the factor can
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be allowed to rise up to 0.9. If the shear resistance of the particular plane is low the factor
should not be allowed to surpass 0.5. (Novak et.al., 2007)

2.5.3.2 Shear friction factor

In comparison with the sliding factor, the shear friction factor is a more in depth method. The
shear friction factor takes account for both the cohesion and the frictional parameters when the
shear strength is evaluated. The factor is defined as the maximum shear resistance of a plane
divided by the total horizontal force acting on the plane. The equation can be seen in 2.13.
(Novak et.al., 2007)

cT ,
cosa(l-tan@tana) ' YVtan(e+a)

For a 2D case the cohesion is multiplied by the length of the plane, T. The same equation can
be used for a 3D case but the length is substituted to the area of the plane. If the plane is hori-
zontal the equation can be simplified according to 2.14. (Novak et.al., 2007)

Fgp = —CT+ZZ";3“‘P (2.14)

During the normal load combination, the shear friction factor in the foundation zone should be
above 4.0. On planes within the dam and at the base interface the factor should be above 3.0.
During unusual load combination the factor should be above 2.0 for the dam and at the base
interface and above 2.7 for the foundation zone. During extreme loading conditions the factor
should be above 1.0 for the dam and at the base interface and at least 1.3 for the foundation
zone. (Novak et.al., 2007)

2.5.4 Overstress and material failure
The gravity method can calculate the following primary stresses (Novak et.al., 2007):

e Vertical normal stress on horizontal planes, o,

e Horizontal and vertical shear stresses, 7,,, and 7,,,
e Horizontal normal stress on vertical planes, o,

e Major and minor principal stresses, g; and o

The uplift pressure is excluded from the following sets of equations.

2.5.4.1 Vertical normal stress
Vertical normal stresses can be calculated on any horizontal plane according using:

o, = 2¥ 4 ZMY (2.15)

The vertical forces acting above the plane studied is represented by Y. V (uplift is neglected), the
summation of moments with respect to the centroid of the plane is }; M*. The distance from the
neutral axis of the plane to the point where g, is represented by y’. | is the second moment of
area of the plane with respect to its centroid. When the equation is applied to a two-dimensional
plane section of unit width parallel to the dam axis the equation can be simplified according to
Novak et.al. (2007):
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Op =7 + 3 (2.16)
The equation can be furthered simplified when y’=T/2:
o, =2 (1+£%) (2.17)

For a reservoir that is in its normal state, the equation can be written like 2.18 for the upstream
face and 2.19 for the downstream face.

0w =2 (1-%) (2.18)
0 =5 (1+5) (2.19)

Where e represents the eccentricity of the resultant load and is given by:
e =2 (2.20)

Equation 2.18 will be negative when e>T/6 which leads to a negative (tensile) vertical stress at
the upstream face. In regards of the bad tensile strain capacity of concrete this should be avoid-
ed. Thus total vertical stresses at either face are obtained by addition of external hydrostatic
pressures. (Novak et.al., 2007)

2.6 Failure Criteria

In order to analyze the strength and stresses in the dam a (or several) failure criteria have to be
selected. The basic concept of these criteria is to simplify the problem and put mathematical
rules on material. In order to analyze elastic-plastic behavior three general rules are needed,

e The yield criterion
e The flow rule
e The Hardening rule.

The purpose of the yield criterion is to define when the material transitions from elastic to elas-
tic-plastic behavior. It is a scalar function of the stress and material parameters which calculates
the strength of the material. The yield criterion can be illustrated in a principal stress space. An
example is shown in Figure 2.9 where the principal stresses are the axes in the 3D space. The
shape of the yield surface depends on which model that is used. (ANSYSS Inc., 2013)
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O3
Figure 2.9: Example of a yield surface in principal stress space. (ANSYS Inc., 2013)

Strains occurring inside the yield surface are elastic. When the stress reaches the yield surface,
plastic strains are obtained. Stresses cannot be outside of the yield surface, instead the plastic
strain and shape of the surface will change to keep the stresses inside or on the surface.
(ANSYS Inc., 2013)

The flow rule determines how the plastic strain will evolve during loading. It consists of an
equation containing the direction of the plastic strain increments by a plastic potential. If the
plastic strain increment vector is normal to the yield surface it will be an associated flow rule. If
the plastic strain increment is not normal to the yield surface, the flow rule will be non-
associated. Non-associated flow rules are useful in material models for granular materials like
soil, rock and concrete. (ANSYS Inc., 2013)

The hardening rule controls how the material will change in strength during plastic defor-
mation. In other words, it controls how the yield criterion changes during loading.

2.6.1 Mohr-Coulomb failure criterion

The Mohr-Coulomb failure criterion is one of the most known and accepted criterions in ge-
otechnical engineering. It is a set of linear equations which describes how an isotropic material
will fail in the principal stress space. The criterion estimates the strength of the material with
the maximum principal stress and the minimum principal stress, a; and g;. The intermediate
stress, a,, has no influence in this theory. Due to this approach the criterion underestimates the
yield strength of the material (Jiang & Xie, 2011). (Labuz & Zang, 2012)

The yield surface on the deviatoric plane is an irregular hexagon and has six sharp corners.
The sharp edges impair with the convergence in flow theory and the criterion is not very well
suited for FE-analyses. However many “new” criterions have been created with Mohr-Coulomb
as a basis and because of that the criterion is described in this thesis. (Jiang & Xie, 2011)

The criterion can be expressed in shear strength the following way:

|t| = ¢+ o, tan . (2.21)

There are two material constants in the expression, ¢ and ¢, which represents the cohesion and
friction angle. The criterion is shown in Figure 2.10 in a o,, — 7 diagram. The cohesion is the
intercept of the yield surface and the 7 axis. The friction angle is the angle of the failure line.
(Jiang & Xie, 2011)
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Figure 2.10: An illustration of the M-C failure criterion. (Jiang & Xie, 2011)

One of the big advantages of the M-C model is that the material constants (cohesion and fric-
tion angle) are well known parameters and can be obtained through laboratory tests. Other crite-
rions often contain material constants which are more difficult to evaluate and estimate. (Labuz
& Zang, 2012)

2.6.2 Drucker-Prager failure criterion

The Drucker-Prager yield criterion was originally formed for analysis of different types of soils
in 1952 (Drucker & Prager, 1952). It is a three dimensional pressure-dependent model to esti-
mate the stress state of ultimate strength. The criterion was established as a generalization of the
Mohr-Coulomb criterion. It can be expressed according to: (Alejano & Bobet, 2012)

Sz =L +x (2.22)

17 Is the first invariant and J, is the second invariant of the stress tensor. They are expressed and
defined as: (Alejano & Bobet, 2012)

I} =01 +05+ 05 (2.23)
J2 = <[(0} — 03)2 + (0} — 05)% + (0 —01)?] (2.24)

The parameters A and k are material constants obtained from laboratory tests. There are two
ways of obtaining the material constants; a tri axial test can be performed and the results are

plotted in the I and \/]_2 space and the constants are evaluated, or they can be derived from the
cohesion and internal friction angle of the material. (Alejano & Bobet, 2012)

Depending on how the material parameters A and x are chosen the yield surface will be dif-
ferent. The yield surfaces for 4 cases are illustrated in Figure 2.11 and the formulas for the con-
stants are shown in Table 2.1. Figure 2.11 also shows the yield surface of the Mohr-Coulomb
criterion. As can be seen, the D-P criteria are smoothened versions of the Mohr-Coulomb crite-
rion. (Jiang & Xie, 2011)

O3

Figure 2.11: The four different D-P-criteria related to the M-C-criterion. (Jiang & Xie,
2011)
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Table 2.1: Definitions of A and k for the four different D-P cases. (Jiang & Xie, 2011)

Type A K

D-P1 2v/3sing 2v3ccos @
3 —sing 3 —sing

D-P2 sin ¢ ccosg

D-P3 2v/3sing 2v/3ccos @
3+sing 3+sing

D-P4 V3sing V3ccosg

V3 +sin?¢ V3 +sin?e

The vyield surfaces for both M-C and D-P can be viewed in Figure 2.12. As can be seen the
surfaces are symmetrical around the hydrostatic axis and the apex is located in the tensional
octant. The D-P is a circular cone which gets wider along the hydrostatic axis, this means that
the strength is increasing with higher confining stresses.

i Drucker-Prager yield surface

Hydrostatic axis

(Ty; = 0y = Oz

Coulomb yield surface

= - GE

G,

Figure 2.12: The yield surface of D-P and M-C in principal stress space. (Khatibinia et al.,
2016)

2.6.2.1 Drucker-Prager material model in ANSYS

The FE-software ANSYS which is used in this thesis utilizes the outer cone approximation,
which means DP-1. This model is applicable to granular material like soils, rock and concrete.
The input parameters consist of the cohesion value, angle of internal friction and the dilatancy
angle. (ANSYS Inc., 2013).

The dilatancy angle controls the increase in material volume due to yielding. The flow rule is
associative if the dilatancy angle is equal to the friction angle. If the dilatancy angle is less than
the friction angle there is less of an increase in the material volume during yielding and thus the
flow rule is non-associated. (ANSYS Inc., 2013)

There is no hardening rule in this material model. Thus the yield surface will not change
with progressive yielding and the material is elastic- perfectly plastic. (ANSYS Inc., 2013)
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2.7 Finite Element Method
The finite element method (FEM), is a common tool for obtaining approximate solutions to
partial differential equations. FEM is being utilized in many different fields and civil engineer-
ing is one of them. The method does not calculate differential equations but instead reformu-
lates the problems so that it can be calculated numerically. Thus complex structural problems
can be simplified and evaluated. (Khoei, 2015)

Setting up a FE-model typically consists of 4 steps;

Geometry

Meshing

Material properties

Boundary, initial and loading conditions. (Liu & Quek, 2013)

NS

2.7.1 Geometry

The geometry is set up in the FE-software. This is typically the most straightforward step in the
FE-modeling procedure. The geometry is typically either a 2D or 3D model but 1D is also pos-
sible. One of the main advantages of FE-modeling is the possibility to set up complicated mod-
els with geometry very close to the reality. However the geometry can be simplified if the orig-
inal problem is too complex. (Liu & Quek, 2013)

2.7.2 Meshing

The objective of meshing is to divide the geometry into elements, i.e. the problem is discre-
tized. Discretization means that the domain having an infinite number of degrees of freedom is
simplified into a system having a finite number. The mesh setup is very important to the analy-
sis and the results and the elements have to be chosen with care. The main considerations that
should be taken into account are the following:

Type of elements

Size of elements

Location of nodes

Number of elements

Simplifications allowed in comparison to the actual problem.

The elements can be of different sizes, shapes and can have different number of nodes. The
elements should be chosen so that it fits the actual problem. The nodes are points on each ele-
ment that is used for the calculation. (Barkanov, 2001)

An example of a simple cubic mesh of a body is shown in Figure 2.13. The model has been
established in the commercial software ANSYS. To the left is the body without mesh and to the
right, mesh has been added.
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Figure 2.13: A simple example of a cubic mesh on a body.
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2.7.3 Material properties
To establish a good model the material properties are important. The input of material proper-
ties are dependent on the chosen failure criterion, described further in subchapter 2.6 Failure
Criteri. The chosen input parameters will affect the behavior and results of the simulation and
therefore it is necessary to get trustworthy values. The parameters are usually obtained through
laboratory tests but sometimes they have to be estimated. (Liu & Quek, 2013)

Different sections of the geometry can consist of different materials and failure criterions.
This is possible to simulate in modern FE-software.

2.7.4 Boundary, initial and loading conditions

The conditions of the actual problem have to be simulated in the software as well. This can in-
clude loads from buildings, wind loads, water pressure etc. The boundary conditions control
how the construction is supported, for example where the construction is fixed, where it only
has frictional support and where it is free. This process requires experience, knowledge and
good engineering judgement (Liu & Quek, 2013).

2.7.5 Solution

After the four steps above are completed it is time for the solution procedure. The software will
solve a set of equations which will vary depending on the mesh and failure criterion (Liu &
Quek, 2013). The results which will be possible to analyze is also depending on the failure cri-
terion. If the four steps above has been completed close to the real case the results will also be
close to reality. However it is difficult to know whether that has been accomplished. One way
to control the model is to perform simple hand calculations or use any other type of analysis
method to see if the results are similar. If that is the case the validity of the model is strength-
ened but the results must still be handled with care.

2.8 Dimensions and Material Parameters of the Longtan Dam

2.8.1 General properties

The Longtan dam consists of an overflow section and a non-overflow section. The dam body
is constructed of roller compacted concrete and the foundation is of rock, mainly sandstone.
The material parameters used for the analysis is seen in Table 2.2. The water and silt parameters
are not presented in the table. The waters unit weight is 9.81 kN/m?®. The effective weight of the

silt, y's, is 12 kN/m® and its frictional angle is 24°.

Table 2.2: Material parameters used for the analysis obtained from (Zhang, 2017).

Sandstone Normal

Parameter Foundation  Condition CC RCC 1 RCC?2 RCC3 RCC14
Unit weight, v, [kN/m’] 23 24 24 24 24 24
Peak Cohesion, ¢’ [MPa] 1.09 2.0 2.0 2.0 15 2.0
Residual Cohesion. ¢ [MPa] - 0.6 0.6 0.6 0.45 0.8
Peak friction factor, f° - 1.25 1.25 1.22 1.22 1.25
Residual friction factor, f - 0.9 0.9 0.85 0.85 0.9
*Friction angle, ¢ [°] 54.1 42 42 42 42 42
Elastic modulus, E [GPa] 15 19.6 19.6 17.9 15.4 19.6
Poisson’s ratio, v 0.27 0.167 0.163 0.163 0.163 0.163
*Dilatancy angle, ¥ [°] 54.1 - - - - -
Compressive strength, o, [MPa] 20 185 185 14.3 9.8 185
Tensile strength, a,, [MPa] 1.2 1.6 14 1.3 0.9 1.4

* Obtained from professor Yunpeng at Shandong university, China.
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The Normal water level in the reservoir is at +400 and the maximum level is +404.74. On the
upstream face of the dam, sediment in form of silt has gathered and the layer is about 77.6 me-

ters thick. The tail water level is normally +225.25 and the maximum water level is +258.30.
(Zhang, 2017)

2.8.1.1 Uplift pore pressure

The water will infiltrate the foundation and create a water pressure as explained in subchapter
2.4 Forces Acting on a Dam. For this analysis, drainage will be taken into account and the uplift
pressure is distributed as in Figure 2.14. The pressure will be dependent on the water height in
the reservoir and the tail water level. In the figure the values in brackets corresponds to the non-
overflow section and values without brackets are for the overflow section. H1 is the height of
the reservoir water and H2 is the height of the tail water. (Zhang, 2017)
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Figure 2.14: Uplift pressure distribution from infiltrated water in the foundation. H1 is the
reservoir water height and H2 is the tail water height. Values in brackets are for the non-
overflow section and values without brackets are for the overflow section. (Zhang, 2017)

2.8.2 Non-overflow section

The cross-section of the non-overflow part is shown in Appendix I. The foundation is at +210
and the top of the dam is +406.5 which gives a total height of 196.5 meters. The total width at
the foundation level is 158.44 meters.

There are six tunnels in the bottom part of the dam body. The tunnels closest to the upstream
and downstream faces are larger than the ones in the middle. The outer tunnels are grouting

galleries and the smaller tunnels are drainage galleries which are to prevent increasing pore
pressures.

2.8.3 Overflow section

The cross-section of the overflow part is shown in Appendix I. The foundation level of this sec-
tion is at +190 and the crest level is +380, thus the total height of the overflow section is 190
meters. The total width at the foundation level is 168.58 meters.

Same as for the non-overflow section there are six tunnels in the overflow section that serves
the same purpose.
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3 METHOD

3.1 Calculations by hand

Calculations by hand are performed to control the stability and to confirm the validity of the
FE-model. The dam conditions and dimensions are described in subchapter 2.8. The calcula-
tions will be based on the normal water level and the maximum water level in the reservoir and
the tail water.

3.1.1 Forces acting on the Longtan Dam

The forces which act on gravity dams are described in subchapter 2.4. Hand calculations have
been performed for the primary forces and the secondary force from sediments, in this case a
layer of silt. The loads acting on the different sections are illustrated in Figure 3.1 and Table 3.1
explains where the forces come from.

I

Figure 3.1: Schematic illustration of the forces acting on the Longtan dam at the different
sections. Table 3.1 describes the picture.

Table 3.1: Description of the forces illustrated in Figure 3.1.

Load Origin

1 Reservoir water and sediment
2 Tail water

3 Reservoir water and sediment
4 (non-overflow)  Tail water

5 Pore pressure

W Self-weight

3.1.1.1 Horizontal loads

The horizontal forces acting on the Longtan dam are generated from the reservoir water pres-
sure, sediment pressure and the tail water pressure. The horizontal force from reservoir water
and sediment is defined positive and the horizontal force from the tail water is defined negative.

The reservoir water level is varying as stated in subchapter 2.8 which also means that the
horizontal load will vary. Load 1 is calculated with equation 2.4a for the water pressure and
equation 2.8 for the sediment. Load 2 is calculated with equation 2.4a with the tail water levels
inserted in the formula. For the overflow part it has to be taken into account that the water level
Is above the crest of the dam.
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3.1.1.2 Vertical loads

The vertical loads acting on the Longtan dam is generated from the reservoir water and sedi-
ment, tail water, uplift pore pressure and the self-weight of the concrete dam.

Load 3 is calculated with equation 2.4b, the varying water depth which is a consequence of
the slope has to be taken into account. Load 4 is calculated the same way as load 3 but with the
tail water levels as input data and only for the non-overflow section.

Load 5 is the uplift pore pressure. The distribution of the pressure is described in 2.8.1.1
where drainage has been taken into account.

Load W is the self-weight of the dam body and is calculated with equation 2.5. No extra
constructions have been taken into account.

3.1.1.3 Moment

The loads are simplified to two point loads per section, one for all horizontal forces and one for
all vertical forces. The points of action of the loads are calculated to enable a moment analysis
at a later stage. The forces thus becomes as illustrated in Figure 3.2, where Ly and L, are the
moment arms around point P of the respective summarized loads.

Lu

| Ly ! L

Figure 3.2: Illustration of the summarized forces and their moment arms around the point P.

The moments are divided into restoring moments and overturning moments. The horizontal
force multiplied with Ly is the overturning moment and the vertical force multiplied by Ly is
the restoring moment

3.1.2 Stability analysis

Hand based calculations have been performed for the stability failure modes overturning and
sliding. The failure modes and the calculation steps are described in subchapter 2.5 Stability
Analysis.

3.1.2.1 Overturning

The Failure mode overturning is when moments acting around the toe of the dam create a rota-
tion of the construction. The factor of safety can easily be calculated with equation 2.10 when
the moments are known.
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3.1.2.2 Sliding

There are two different stability factors, which will be covered in this thesis. They are called
sliding factor and shear friction factor and are explained in subsection 2.5.3.

The input data for the sliding factor are only the summarized horizontal and vertical forces.
The shear friction factor also requires the cohesion (c), friction angle (¢) and the length of the
section (T). The values can be found in subchapter 2.8. Equation 2.11 is used for the sliding
factor and equation 2.14 for the shear friction factor.

3.1.2.3 Vertical normal stress

The main stress analysis will be performed using the finite element method but a hand based
calculation for vertical normal stresses will also be performed. The reason is that it is a good
tool to help validate the numerical model. The stresses will be calculated at the heel and toe of
the dam with a unit width of one meter. This allows for the use of equation 2.14, 2.15 and 2.16.

The vertical forces acting on the base excluding the uplift are calculated similar to the expla-
nation earlier in this subchapter. The total moment at the center of the plane has to be calculated
and the eccentricity is obtained by equation 2.20. The next step is to use equation 2.18 and 2.19
to obtain the vertical normal stresses.

3.2 Numerical Modeling

3.2.1 Software

The numerical modeling was performed using the commercial software ANSYS. One important
note is that tensile stresses are positive and compressive stresses are negative in the program.
Because of this, the major principal stress is obtained by looking at the solution for minimum
principal stress and vice versa. The same procedure is applicable to principal strains.

3.2.2 Model setup

3.2.2.1 Cases

The models for the dam sections where both divided into five cases each to investigate the sta-
bility of the dam both during its construction, when it is operating during normal conditions and
when an acceleration caused by a seismic event is applied to it

e CASE 1: will include the concrete foundation, the RCC1 section and also a part of
the heel which is made of RCC4. (Appendix 1). The total height of the dam for the
first case is 40 m for the non-overflow section. The loads acting on the dam here is
only gravitational.

e CASE 2: the dam consists now of the entire heel of RCC 4 and the dam body is
raised to include the section made of RCC2. This makes that the height of the dam is
now 132 m for both sections. Gravitation is still the only load in the model.

e CASE 3: dam sections are now completely built when the top section of RCC3 is
added to both sections. The section height is now 196.5m for the non-overflow and
190 m for the overflow section. Gravitation is still the only load in the model

e CASE 4: sections are the same as for case 3. Hydrostatic pressure, uplift, and sedi-
ment pressures are now active in the model.

e CASE 5: same sections and loads as in case 4, with the addition of an acceleration
caused by seismic activity.
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3.2.2.2 Model

The model is made large enough to make sure that the dam and its foundation is far enough
from the boundaries to avoid any affects these could have on the results which is most interest-
ing at the dam body and the foundation beneath it. To achieve this, the base of the model is set
up to be 3 times the height of the dam and 1.5 times the width on each side which can be seen
in Figure 3.3.

The dam is wide enough so that each section could be assuming to behave like a plane strain
object. The model is still created with a unit depth of 1 m meaning that the 2D analysis will also
have a z dimension. This is done because doing a “pure” 2D analysis would not function with
the desired element solid 65 (Ansys, 2017) that is required to conduct analysis with Drucker
Prager. So instead the boundary conditions of the model will be set up so that the model be-
haves like a 2D model with a depth of 1 m.

LL.
0,00 500,00 (m) e
|

250,00

Figure 3.3: Model size.

Boundaries for the model is created with a bottom that has a fixed support which prevents any
deformations to occur along that face in either directions, this is done to simulate the existence
of a more competent and harder rock beneath.

The sides in the x-y and y-z plane of the foundation in modeled with roller supports which
restricts movement in the normal direction of the plane but allows movement in the other two
directions. This is done to simulate that the foundation section to be a part of a larger rock mass
that moves more freely in the y plane but can’t move in the x or z plane due to the rock mass
pushing back.

The boundaries for the dam body will be that it is fixed with roller supports in the x-y plane
allowing it to deform freely in the x and y directions but keeping it fixated in the z direction to
simulate the fact that it’s only a section of that dam that is locked in between other sections.

The interfaces or contact surfaces between each layer of concrete and the contact between
the foundation and the rock is modeled with a bounded behavior meaning that no separation or
sliding can occur.

The overflow section of the dam is built with floodgates at the top in the real case. This
model does not simulate these structures. The water pressure acting on the dam is instead inter-
polated from the real water level and established on the upstream face of the overflow section.

3.2.2.3 Meshing

The model mesh for both the non-and the overflow section is designed in the same way. The
Meshing is done with a hexahedral mesh shape for each element in the models. The models are
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divided into three regions with a different element size for each region. The reason for this is to
reduce the computation time for the model while still having a sufficient fine mesh in areas of
the model which are of interest to analyze.

For case 1-4 the region that is located at the bottom of the model has an element size of 6 m.
The region of the rock closest to the dam foundation has got a depth of 200 m, it is meshed with
an element size of 2 m. The last region is the dam-body itself and it is meshed with an element
size of 0.5m. The mesh can be seen in Figure 3.4.

Figure 3.4: Model meshing for case 1 to 4.

For case 5 the mesh had to be adjusted since it is a dynamic analysis which requires more com-
putational power to perform. To compensate for the drastic increase in computational time and
limited hardware the mesh sizing was increased from; 6 m. to 8 m. for the bottom region of the
rock, 4 m. to 6 m. for the upper region off the rock and finally for the dam body the mesh sizing
was increased from 0.5 m. to 1.5 m. This could provide results that are less accurate than if the
mesh size was kept but it was a tradeoff that had to be done in this case and will be taken into
consideration in the later parts of the report.

3.2.2.4 Input data

The material properties used in the models are displayed in Table 2.2 in subchapter 2.8 Dimen-
sions and Material Parameters of the Longtan Dam. At which part of the dam each material is
used can be seen in Appendix I. For this project the sandstone foundation is simplified so that it
is assumed to consist of only one material type with values corresponding to Foundation 4 in
Appendix Il. The values for the internal friction angel and flow angle were provided by profes-
sor Yunpeng at Shandong university.

3.2.2.5 Seismic data

For case 5 the two sections will be simulated with a seismic event. The seismic data is acquired
comes from an earlier earthquake that occurred in at the Xilufdu arch dam. The data is in the
form of time and acceleration and can be seen in Figure 3.5 and Figure 3.6.



30 Stability Analysis of High Concrete Dams

Longitudinal direction

~
UM
%]
\
E
C
o
prs) _
=
S
k5
g 3
o
[0}

-4

o uwVw NS MmOUNOONOS OO NSO O AN N O
t(s)

Figure 3.5: Graph of the seismic data in longitudinal direction.

Vertical direction
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Figure 3.6: Graph of the seismic data in vertical direction.

In the model the first 10 seconds of the earthquake is simulated because the peak values of the
acceleration occurred during that time.

3.2.2.6 Static analysis for case 1 to 4

The first 3 cases are done by analyzing how the dam and the rock foundation will respond dur-
ing the construction of the two sections, each case will add to the height of the dam until each
section has reached its full height. The only loads that occurs in these cases are caused by the a
gravitational acceleration of 9.82 m/s.

For case 4 the loads caused by the water in the reservoir and the silt are applied on the up-
stream side of the dam, the uplift load is applied underneath the base of the dam and the loads
from the water downstream is applied on the downstream side of the dam.
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3.2.2.7 Seismic analysis for case 5

To do a seismic analysis in ANSY'S the dampening effect of the model needs to be defined. The
dampening effect is governed by the Rayleigh dampening constants o and 3 used by ANSYS to
calculate the dampening matrix for the model. (SHARCNET, 2017)

The constant B is calculated as (Dasgupta P., 2003)

g = 22017 %m*Om (3.1)

w12—wmp?
and the constant « as following (Dasgupta P., 2003)
a=2*3 *w —B*w? (3.2)

were {; corresponds to the dampening ratio for the first mode in the system and ¢, to the m™
mode. w,; and w,, is the natural frequency for the first and m™ mode. The natural frequency of
the model is obtained by doing a Modal analysis for the model in ANSYS which calculates the
natural frequency for a desired number of modes.

In this model 10 modes were analyzed since for most engineering structures between 3 and
25 modes are enough for structures with large degrees of freedom. (Dasgupta P., 2003) The
results from the modal analysis can be seen in Table 3.2.

Table 3.2: Natural frequencies for each mode.

Mode Non-overflow Overflow
w, (H2) 1,1895 1,1731
w, (Hz) 1,2442 1,211
w3 (Hz) 1,1665 1,6955
w, (HZ) 2,1425 2,132
ws (Hz) 2,2895 2,2618
we (H2) 2,8801 2,8971
w- (Hz) 3,1475 3,1897
wg (H2) 3,2271 3,1951
wq (Hz) 3,4806 3,5237
w1 (Hz) 3,6231 3,6158

The dampening ratio { has been assumed to have a constant value of 0.05 meaning that
(1={;,=0.05 (Athanasios Papageorgiou).

Inserting the values of w4, w1 and ¢; into equation 3.1 and 3.2 will then give the values for
the constants a and B which can be seen in Table 3.3

Table 3.3: Rayleigh constants.

Mode Non-overflow Overflow

a 0.0896 0.0642

B 0.02071 0.02088
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The simulation is done in 2 steps total. The first step is to apply static loads from case 4. The
second step is then to simulate 10 seconds of the earthquake by applying accelerations in the x
and y axis which creates an acceleration vector in the model corresponding to the magnitude
and direction of the x and y accelerations. This procedure is done for a total of 1000 times
meaning that acceleration data and the response for each 0.01 second are calculated.
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4 RESULTS
4.1 Stability Analysis

4.1.1 Calculations by hand

The procedure of calculating stability by hand for different types of failure modes of the Long-
tan Dam has been described in subchapter 3.1 Calculations by hand. The following subsections
will show the results obtained from the calculations.

4.1.1.1 Loads acting on the Longtan Dam

The calculated horizontal load, simplified to a point load is listed below in Table 4.1: Horizon-
tal loads.

Table 4.1: Horizontal loads.

Summarized load Value (kN)
ZHnon—overﬂow,normal 161 601
ZHnon—overﬂow,maximum 160 264

ZHoverﬂow,normal 185 634

177 682

ZHoverflow,maximum

The vertical loads are summarized and simplified to a point load and listed below in Table 4.2.

Table 4.2 Vertical loads.

Summarized load Value (kN)
Zvnon—overflow,normal 337172
Zvnon—overflow,maximum 316 244
Zvoverflow,normal 418 719
Zvoverflow,maximum 397 255

41.1.2 Moment

The moment arms of the horizontal and vertical load around the toe of the dam are shown in
Table 4.3.They will be slightly different for different water levels.

Table 4.3: Moment arms around the point P for the summarized forces.

Section Water Level Ly [m] Ly [m]
Non-overflow Normal 100.5 114.0
Non-overflow Maximum 114.5 122.4
Overflow Normal 116.4 115.5

Overflow Maximum 134.8 123.2




34 Stability Analysis of High Concrete Dams

When the moment arms are known the moment is calculated and divided into restoring and
overturning moments, see

Table 4.4.

Table 4.4: Restoring and overturning moments acting on the Longtan dam during different
water levels and sections.

Section Water Level Restoring Moment ~ Overturning Moment
(M.ve) [KNm] (M-ve) [KNM]

Non-overflow Normal 38 459 152 -16 246 128

Non-overflow Maximum 38 703 426 -18 343 234

Overflow Normal 42 572 032 -21 607 490

Overflow Maximum 48 959 587 -23 945 364

4.1.1.3 Overturning
The factor of safety against overturning is shown blow in Table 4.5.

Table 4.5 Factor of safety again overturning.

Section Factor of safety
I:O, non-overflow, Normal 2.37
I:O, non-overflow, Maximum 2.11
I:O, overflow, Normal 2.24
I:O, overflow, Maximum 2.04

4.1.1.4 Sliding

The sliding factor is listed below in Table 4.6.

Table 4.6 Factor of safety against sliding.

Section

Factor of safety

FSS, non-overflow, Normal

0.479

FSS, non-overflow, Maximum 0.507
FSS, overflow, Normal 0.443
FSS, overflow, Maximum 0.447

The shear friction factor is listed below in Table 4.7.

Table 4.7 Factor of safety for shear friction

Section Factor of safety
I:SF, non-overflow, Normal 2.89
FSF, non-overflow, Maximum 2.86
I:SF, overflow, Normal 2.82
I:SF, overflow, Maximum 2.89
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4.1.1.5 Vertical normal stress

The vertical normal stress has been calculated at the heel and toe of the dam. First the summa-
tion of the vertical forces acting on the base excluding uplift is calculated and seen in Table 4.8.

Table 4.8 Vertical normal stress.

Summarized load Value (kN)
Zvnon—overﬂow,normal 380 309
Zvnon—overflow,maximum 380 995
Zvoverflow,normal 481 306
Zvoverﬂow,maximum 482 236

Then the moment in the center of the base is calculated and seen in Table 4.9.

Table 4.9 Moment in the base center.

Summarized moment Value (KNm)
ZMflon—overﬂow,Normal -2519 032
ZM;on—overﬂow,Maximum -3210 485
ZM;verﬂow,Normal -6 226 438
ZM;verﬂow,Maximum -6 547 402

Then the eccentricity of the resulting force is obtained and seen in Table 4.10.

Table 4.10 eccentricity.

Section Value (m)
€non-overflow,Normal 6.62
enon—overﬂow,Maximum 8.43
€overflow.Normal 12.9
€overflow,Maximum 13.6

Then the normal vertical stress at the heel and toe is calculated and shown in Table 4.11 and

Table 4.12.

Table 4.11 Vertical stress non-overflow.

Section Value (Mpa)
Uz,non—overflow,heel,Normal 1.798
Jz,non—overflow,heel,Maximum 1.637
Uz,non—overflow,toe,Normal 3.002

3.172

Uz,non—overflow,toe,Maximum
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Table 4.12 vertical stress overflow

Section Value (Mpa)
Jz,overflow,heel,Normal 1.541
Gz,overflow,heel,Maximum 1.478
O-Z,overflow,toe,Normal 4.170

4.243

Uz,verf low,toe,Maximum

4.1.1.6 Summary of hand based calculations

In order to make a comparison of the stability between the different conditions and sections, the
results from the hand based calculations are summarized in Table 4.13 below.

Table 4.13: Overview of the results from the hand based calculations.

Non-overflow Overflow
Normal Maximum Normal Maximum
Z H 161 601 kN 160 264 kN 185 634 kN 177 682 kN
Z v 337 172 kN 316 244 kN 418 719 kN 397 255 kN

38459 152 kNm 38 703 426 kNm 42572 032 kNm 48 959 587 kNm

-16 246 128 KNm  -18 343 234 KNm  -21 607 490 KNm  -23 945 364 KNm

F, 2.37 2.11 2.24 2.04

Fos 0.479 0.507 0.443 0.447

For 2.89 2.86 2.82 2.89

Oy heel 1.798 MPa 1.637 MPa 1.541 MPa 1.478 MPa
Oy .toe 3.002 MPa 3.172 MPa 4.170 MPa 4.243 MPa
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4.2 Numerical Modeling — Non-overflow

The results from the numerical model presented in this subchapter will consist of minor and
major principal stress, plastic strain and horizontal deformation for the non-overflow section.
For plots of shear stress, vertical normal stress, vertical deformations and minor and major elas-
tic principal strain, see Appendix IlI.

4.2.1 Minor principal stress

4211 Casel

The minor principal stress seen in Figure 4.1 will in general stay around 0.5 MPa for most of
the body with some exceptions for the toe and heel.

Figure 4.1: Minor principal stress distribution. (Case 1)

Looking at the tip of the heel in Figure 4.2 and slightly below it there is an increase of compres-
sive stresses with values around 0.9 MPa. The grouting gallery closest to the heel will have the
largest tensile stress with values around -0.1 MPa occurring in the floor. The other galleries will
also have some tensile stresses but with values around -0.02 to -0.05 MPa.

Figure 4.2: Distribution of the minor principal stress at the heel. (Case 1)
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Figure 4.3 shows that the grouting gallery closest to the toe will have areas in the roof and floor
where tensile stresses occur with a maximum value of -0.25 MPa. The two drainage galleries to
the left will also get tensile stresses in the floor with values around -0.1 to -0.12 MPa.

Figure 4.3: Minor principal stress distribution at the toe. (Case 1)

42.1.2 Case?2

The minor principal stress distribution for the non-overflow section, case 2 can be seen in Fig-
ure 4.4. There are tensile stresses developing around the tunnels and on the top of the upstream
face. The rest of the dam experiences compressive stresses and the magnitude gets larger to-
wards the center and downwards of the dam. There is also a concentration of higher compres-
sive stresses at the heel.

Figure 4.4: Distribution of the minor principal stress. (Case 2)

At the heel of the dam there is a concentration of compressive stresses which can be seen in
Figure 4.5. Along the edge between the foundation and the dam the magnitude is 3.0 MPa. The
stress magnitude decreases further away from the toe.

Around the tunnels there are tensile stresses developing in the floor and the roof. The values
are around -0.9 to -1.4 MPa. The tunnel closer to the upstream face has a larger zone of tensile
stresses in the roof in comparison with the other tunnels.
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Figure 4.5: Minor principal stress at the dam heel and the three drainage tunnels close to
the upstream face. (Case 2)

The minor principal stress distribution around the toe of the dam and the three drainage galler-
ies to the right can be seen in Figure 4.6. At the toe there are mainly compressive stresses but
there is also a small zone of tension.

At the rightmost drainage gallery there are tensional stresses which are developing from the
floor and roof and distributes to the downstream face of the dam. The top left and bottom right
corner of the tunnel experiences the largest magnitude of tensional stresses at around -0.7 MPa.
The tunnel to the left in the picture has smaller zones of tension and they are mainly being gen-
erated in the floor.

Figure 4.6: Minor principal stress at the dam toe and the three drainage galleries close to
the downstream face. (Case 2)
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At the upper part of the upstream face there are tensional stresses being developed which can be
seen in Figure 4.7. The tensional zones are at the floor and roof of both tunnels and from the
upper tunnel a tensional zone is also distributed to the face. The largest value can be found in
the floor of the bottom tunnel and it is approximately -1.3 MPa.

Figure 4.7: Minor principal stress at the upper part of the dam. (Case 2)

42.1.3 Case3

An overview of the minor principal stress for Case 3 of the non-overflow section can be seen in
Figure 4.8. There are some tensile stresses developing at the upper part of the dam and around
the upper tunnels. At the heel a concentration of compressive stresses is developed.

Figure 4.8: Minor principal stress distribution.(Case 3)

A closeup of the minor principal stress distribution around the heel and the three drainage
galleries to the left can be seen in Figure 4.9. The compressive stress being developed under the
heel has a value of about 3.8 MPa.

At the leftmost tunnel there are tensile stresses being developed at the floor and roof. The
value in the roof is about -0.8 MPa and at the floor around -2.0 MPa. The tensile stresses
decreases with for the tunnels to the right of the tunnel closest to the heel.
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Figure 4.9: Minor principal stress at the heel and the left drainage galleries. (Case 3)

At the downstream face of the dam and around the rightmost tunnel there is a zone of tensile
stresses, this can be seen in Figure 4.10. The tensile stress value in the roof of the tunnel is
about -0.6 MPa and about- 0.8 MPa in the floor. The tensile stresses in the roof disappear in the
tunnels to the left.

At the heel of the dam there are low values of compressive stresses from 0 to 0.8 MPa.

Figure 4.10: Minor principal stress at the toe and the three drainage galleries close to the
downstream face. (Case 3)

There is a zone of tensile stresses around the two upper tunnels which stretches all the way over
to the downstream face which can be seen in Figure 4.11. The values varies from approximately
-0.7 MPa to -1.4 MPa. In the roofs and floors of the tunnels there are also concentrations of
tensile stresses.
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Figure 4.11: Minor principal stress distribution at the upper parts of the dam. (Case 3)

4214 Cased

The minor principal stress distribution can be seen in Figure 4.12. Below the dam towards the
downstream side there are compressional stresses being developed. In the foundation at the up-
stream side there are tensional stresses. In the construction above the heel there is a zone of
compressive stresses being generated.

Figure 4.12: Minor principal stress distribution. (Case 4)

Figure 4.13 shows the distribution of the minor principal stresses around the heel of the dam.
As can be seen there is a large tensional zone which is developed with values around -4.2 MPa.
The zone has its largest area directly at the heel but also stretches to the nearby tunnels.
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Figure 4.13: Minor principal stress at the heel. (Case 4)

The minor principal stress at the toe can be seen in Figure 4.14. There are mainly compressive
stresses and they are developed in the foundation below the dam. At the tunnel roofs and floors
there are tensile stresses developed and the tunnel closest to the downstream face has the largest
area of tensional stresses.

Figure 4.14: Minor principal stress at the toe. (Case 4)

4215 Caseb

The minor principal stress 2.9 seconds after the first seismic loading can be seen in Figure 4.15.
There is a large zone of tensile stresses developing around the heel of the dam and in the foun-
dation below. There is also an area around the downstream tunnel with tensile stresses. A zone
of compressive stresses with increased magnitude is developed at the toe.
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Figure 4.15: Minor principal elastic strain distribution, 2.9 seconds after earthquake im-
pact. (Case 5)

As can be seen in Figure 4.16 there are tensile stresses developing at the heel and in the founda-
tion. The maximum value is around -2 to -2.5 MPa. The zone with values between -0.8 to -1.6
MPa can be seen in orange and it is quite large. Around the tunnel roof and floors tensile stress-
es are also developing.

Figure 4.16: Minor principal stress distribution around the heel, 2.9 seconds after earth-
quake impact. (Case 5)

The minor principal stress distribution around the toe can be seen in Figure 4.17. A compres-
sive zone with magnitudes around 3 to 4 MPa is developed below the toe. At the tunnels there
are tensile stresses situated at the roof and floor.
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Figure 4.17: Minor principal stress distribution around the toe, 2.9 seconds after earthquake
impact. (Case 5)

4.2.2 Major principal stress

4221 Casel

Figure 4.18 shows a general picture of how the major principal stresses are situated. It is seen
that the stresses behave uniformly in most of the body with an increase of stresses around the
toe and heel.

Figure 4.18: Major principal stress distribution. (Case 1)

Looking closer at the heel in Figure 4.19, it is possible to see that the stress gets higher around
the tip with a maximum magnitude of around 5 MPa. The three drainage galleries closest to the
heel will have a reduced amount of compressive stresses near the roof and floor with values
ranging from 0.5 to 0 MPa. The values get close to 0 but never gets positive which means there
are no tensile stresses in that area.
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Figure 4.19: Major principal stress distribution at the heel. (Case 1)

At the tip of the toe, seen in Figure 4.20, there is a concentration of compressive stresses with a
maximum of around 2.5 MPa. Otherwise the stresses increase uniformly with higher values
closer to the bottom. With exception for areas around the floor in the grouting gallery where
there are low tensile stresses in the bottom right corner.

Figure 4.20: Major principal stress at the toe. (Case 1)

4222 Case?2

The distribution of the major principal stress is shown in Figure 4.21. There are only compres-
sive stresses and the magnitude increases with the depth.
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Figure 4.21: Distribution of the major principal stress. (Case 2)

At the heel of the dam there is a compressive concentration with a values of approximately 19
MPa, seen in Figure 4.22. The stresses are rapidly decreasing further away from the heel. At the
three tunnels there are destressed zones in the roofs and floors. The stresses are compressive but
of considerably lower magnitudes at around 0.8 MPa. The compressive stresses in the walls
have a larger magnitude.

Figure 4.22: Major principal stress at the heel. (Case 2)

As can be seen in Figure 4.23, the major principal stress distribution has a concentration of
compressive stresses at the toe with a value of approximately 2.5 MPa. At the tunnels there are
destressed zones in the roof and floor with lower magnitudes of compressive stresses. The
stresses in the walls have a larger magnitude.



48 Stability Analysis of High Concrete Dams

Figure 4.23: Major principal stress at the heel and the three drainage galleries close to the
downstream face. (Case 2)

4.2.2.3 Case3

The distribution of the major principal stress can be seen in Figure 4.24. At the downstream
face and at the top of the dam there are tensile stresses being developed. The stresses become
compressive towards the upstream side and the magnitude is largest at the heel of the dam.

Figure 4.24: Distribution of the major principal stress. (Case 3)

The largest compressive stress is obtained in the heel of the construction which can be seen in
Figure 4.25. The magnitude is of approximately 19 MPa. At the tunnels there are destressed
zones with lower values of compressive stresses at the roof and floor at around 0.2 MPa. The
walls have concentrations of compressive stresses with a magnitude of approximately 7 MPa.
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Figure 4.25: Major principal stress at the heel and the drainage galleries close to the up-
stream side. (Case 3)

Figure 4.26 shows the distribution of major principal stress at towards the downstream side. At
the toe of the construction there are compressive stresses with values around 2.3 MPa. At the
tunnels there are tensile stresses developing in the floor and roof. The magnitude is varying
around 0.2 MPa and the tensile zone decreases with the tunnels further from the downstream
face. The stresses in the walls are of compressive characteristic.

Figure 4.26: Major principal stress at the toe and the drainage galleries close to the down-
stream side. (Case 3)

4224 Case4d

The major principal stress distribution over the section can be seen in Figure 4.27. The largest
compressive stresses can be found towards the toe of the dam. A small tensional zone is present
at the heel.
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Figure 4.27: Major principal stress distribution. (Case 4)

Around the heel of the dam there is a zone of tensional stresses with values around -2 MPa
which is shown in Figure 4.28. At the tunnel roofs and floors there are zones with lesser magni-
tude of compressive stresses. In the walls there are larger compressive stresses being developed.

Figure 4.28: Major principal stress distribution around the heel of the dam. (Case 4)

At the toe of the dam there are compressive stresses being developed with a maximum value of
approximately 14 MPa, see Figure 4.29. At the walls of the nearby tunnel there are large com-
pressive stresses being developed. A similar distribution is seen at the tunnels further from the
toe but with lower stresses.
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Figure 4.29: Major principal stress distribution around the toe. (Case 4)

4225 Caseb

The major principal stress distribution 2.9 seconds after the first seismic loading can be seen in
Figure 4.30. The stresses mainly consist of compressive stresses with the largest values found at
the toe. However there is also a small tensile zone at the heel.

Figure 4.30: Major principal stress distribution, 2.9 seconds after earthquake impact. (Case
5)

At the heel of the construction there is a small zone of tensile stresses developing with values
around -0.7 to -1 MPa, seen in Figure 4.31. The rest of the dam body experiences compressive
stresses. At the roof and floor of the tunnels and in the foundation there are however destressed
zones with decreased compressive stresses with magnitudes around 1.8 MPa.
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Figure 4.31: Major principal stress distribution around the heel, 2.9 seconds after earth-
quake impact. (Case 5)

The major principal stress distribution around the toe is shown in Figure 4.32. As can be seen
the largest values are found at the toe with a value around 12 MPa. At the upper right corner
and bottom left corner of the nearby tunnel there are increased values of the compressive stress-
es with values around 13 MPa. In the roof and floor of the tunnels there are zones with lower
compressive stresses.

Figure 4.32: Major principal stress distribution around the toe, 2.9 seconds after earthquake
impact. (Case 5)

4.2.3 Plastic strain

4231 Casel
Seen in Figure 4.33 there is no yielding occurring for this stage.
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Figure 4.33: Plastic strain distribution. (Case 1)

4.2.3.2 Case?2

During this stage there is only a small area at the heel which is being plastically deformed and it
can be seen in Figure 4.34.
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Figure 4.34: The plastic strain distribution. (Case 2)

4233 Case3

The plastic strain which is being developed in this stage is only situated at the heel of the con-
struction. This can be seen in Figure 4.35 and it is a small zone located on the upstream face.
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F: NOF JOINT DEL 3
MNLEPEG
Expression: NLEPEQ
Unit mfm

Time: 10

a6 86e-6

Iin: 0,0020

6,868-6
6,108-6
5,338-6
45766
38186
3,058
2,298-6
1,526-6
7 5287
0,000

Figure 4.35: Plastic strain distribution. (Case 3)

4234 Cased

At the heel there is a quite large zone of plastic strains which are being developed. This can be
seen in Figure 4.36. The largest magnitude is found directly at the heel with a value of about
6.9e-4 and then the magnitudes decreases further away.
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Figure 4.36: Plastic strain at the heel. (Case 4)

At the toe of the dam there are no plastic strains being developed. The exception is at the near-
by tunnel where there are plastic strains in the top left and bottom right corners. This is shown
in Figure 4.37.
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Figure 4.37: Plastic strain at the toe. (Case 4)

4235 Caseb

Figure 4.38 shows the yielded area around the heel 2.9 seconds after the first dynamic loading
from the earthquake. A quite large zone of plastic strain will develop from the heel and dips
with an angle towards the downstream side. The largest values are found at the heel with mag-
nitudes of approximately 2e-3. The values decrease further away from the toe.
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Figure 4.38: Plastic strain distribution around the heel, 2.9 seconds after earthquake im-
pact. (Case 5)

At the downstream side there is a small plastic zone which develops in the upper left corner of
the tunnel which can be seen in Figure 4.39. The magnitudes are varying approximately around
5e-5.
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Figure 4.39: Plastic strain distribution around the toe, 2.9 seconds after earthquake impact.
(Case 5)

4.2.4 Deformation in horizontal direction

4241 Casel

Looking at the deformations along the x-axis in Figure 4.40 it can be seen that the left side of
the dam and the ground will move a small amount to the right, while the right side moves a
small distance to the left. The distance moved for the green shade in the middle is close to zero.

ANSYS
R15.0
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Figure 4.40: Deformation in horizontal direction. (Case 1)

4242 Case?

The horizontal deformation can be seen in Figure 4.41. The top of the dam moves to the left
with the largest displacement at the top and a value of approximately 1.2 cm. The magnitude of
the displacement decreases from the top and down towards the foundation.
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Figure 4.41: Deformation in horizontal direction. (Case 2)

4243 Case3

The deformation in horizontal direction can be seen in Figure 4.42. The dam moves towards the
left in the picture. The largest value is at the top of about 4.3 cm and the magnitude decreases
downwards towards the foundation.

Figure 4.42: Deformation in the horizontal direction. (Case 3)

4244 Case4d

The deformation in horizontal direction is shown in Figure 4.43. The dam construction will
move to the right in the picture. The largest value is found at the top of the construction (red)
with a maximum value of about 3.8 cm. The magnitude of the horizontal deformation decreases
from the top and down towards the foundation.
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Figure 4.43: Horizontal deformation. (Case 4)

4245 Caseb

The deformation in horizontal direction 2.9 seconds after the first dynamic loading can be seen
in Figure 4.44. The dam will move towards the downstream side with the largest deformations
at the top of approximately 7 cm. The magnitudes decreases downwards towards the founda-
tion.

Figure 4.44: Horizontal deformation, 2.9 seconds after earthquake impact. (Case 5)

4.3 Numerical modeling — Overflow
The results from the numerical model presented in this subchapter will consist of minor and
major principal stress, shear stress, plastic strain and horizontal deformation for the overflow
section. For plots of shear stress, vertical normal stress, vertical deformations and minor and
major elastic principal strain, see Appendix Il1.

4.3.1 Minor principal stress

4311 Casel

The distribution of the minor principal stress can be seen in Figure 4.45. In general most of the
dam body got compressive stresses but there are some areas around the galleries were there are
tensile stresses occurring.
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Figure 4.45: Minor principal stress distribution. (Case 1)

Looking closer to the area around the heel in Figure 4.46 it can be seen that areas of tensile
stresses occurs in the floor of the galleries with a maximum of around -0.23 MPa in the grout-
ing gallery close to the heel. For the same gallery there are also some tensile stresses in the roof,
same goes for the drainage gallery located above. The compressive stresses in the heel have
magnitudes around 1.8 MPa.

-4,3152e6
-5,0344e6 Min

Figure 4.46: Minor principal stress at the heel. (Case 1)

In the area around the toe, seen in Figure 4.47, there are tensile stresses occurring in the floor
for the two most left drainage tunnels. For the upper drainage and the grouting tunnel there are
also tensile stresses occurring in the roof. The tensile stresses are largest in the grouting gallery
with a maximum of -1.67 MPa. The compressive stresses around the toe have magnitudes be-
tween 1 and 2 MPa.
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Figure 4.47: Minor principal stress distribution around the toe. (Case 1)

43.1.2 Case?

The minimum principal stress distribution can be seen in Figure 4.48. There are some zones
with tensional stresses being developed like up at the top and around some of the tunnels. There
are concentrations of compressive stresses being developed under the heel and toe of the dam.

-5,1486 Min

Figure 4.48: Minor principal stress distribution. (Case 2)

The distribution of the minimum principal stresses around the heel can be seen in Figure 4.49.
The largest compressive stress is situated at the heel and has a value of 3.4 MPa. At the tunnels
there are tensional stresses being developed mainly in the floor but also in the roof. The largest
zone of tensional stress around the tunnels is developed in the upper tunnel. The largest tensile
stress has a value of -1.7 MPa in the floor.
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Figure 4.49: Minimum principal stress distribution at the heel. (Case 2)

At the toe of the construction there are compressive stresses with a magnitude around 2 to 3
MPa, this can be seen in Figure 4.50. At the tunnel which is very close to the downstream face
there are tensile stresses which is distributed from the floor and roof towards the downstream
face. The same thing happens at the upper tunnel. At the tunnels further away from the down-
stream face there is no tensile stress in the roof and the zone is much smaller in the floor.

Figure 4.50: Minimum principal stress around the heel. (Case 2)

Tensile stresses are developed around the tunnels and towards the upstream face which can be
seen in Figure 4.51.
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Figure 4.51: Minimum principal stress at the upper part of the construction. (Case 2)

43.1.3 Case3

A general plot of how the minimum principal stresses are located can be seen in Figure 4.52.
Tensile stresses occur in areas around the top and around the drainage galleries seen in orange.
Compressional stresses are of a higher magnitude around the toe and heel.

Figure 4.52: Minor principal stress distribution. (Case 3)

Figure 4.53 shows the area around the heel of the dam. Areas with tensile stresses occur around
the floor and roof of all the galleries except the drainage gallery furthest to the right where there
is compression in the roof. The largest tensile stresses can be seen in red and are found in the
grouting gallery closest to the heel and in the roof and floor of the drainage gallery in the top,
these values are around -1.21 to -2.43 MPa. The compressive stresses are largest around the
grouting gallery and in the area around the heel where it shifts to blue and its largest magnitude
of 3.7 MPa.
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Figure 4.53: Minor principal stress around the heel. (Case 3)

Figure 4.54 shows the area around the toe. The largest tensile stresses are in the roof and floor
of the grouting gallery seen as the red areas. Tension also occurs in the roof and floor of the
drainage gallery above the grouting gallery. For the two drainage galleries to the left of the
grouting gallery, some tension occurs in the floor but none in the roof. The largest compres-
sional stresses are in the tip of the toe with a magnitude of 4.3 MPa.

Figure 4.54: Minor principal stress around the toe. (Case 3)

4314 Case4

The minor principal stress distribution is shown in Figure 4.55. There are two large zones of
tensile stresses, one at the heel and one above the toe. In the foundation below the toe there is a
compressional zone.
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Figure 4.55: Minor principal stress distribution. (Case 4)

The magnitude of the tensile stresses around the heel is about -3.7 MPa, this is shown in Figure
4.56. Tensile strains are also developing towards the bottom tunnels.

Figure 4.56: Minor principal stress around the heel. (Case 4)

At the toe and in the foundation below there is a zone of compressive stresses which is shown
in Figure 4.57. The magnitude of the compressive stress is around 6 MPa. At the bottom tunnels
roof and floors there are tensile stresses. Above the toe there is quite a large zone of tensile
stresses with values around -0.5 MPa.
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Figure 4.57: Minor principal stress distribution at the toe. (Case 4)

4315 Caseb

The minor principal stress distribution 2.9 seconds after the first earthquake impact can be seen
in Figure 4.58. When 2.9 seconds of the earthquake has passed, the largest zone of tensile
stresses can be found. They are mainly distributed around and below the heel of the dam. There
Is also a large tensile zone above the toe and compressive stresses below it.

Figure 4.58: Minor principal stress distribution, 2.9 seconds after earthquake impact.

(Case 5)
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The tensile area around the heel can be seen in Figure 4.59. As can be seen the largest values
(in red) are found right at the heel and below it with values in the span from -1.1 MPa to -2.2
MPa. The tunnels have zones in the roof and floor where tensile stresses are approximately of
the same magnitude. Apart from the large tensile stresses found in red the zone also stretches
further with lower tensile stresses seen in orange. The magnitude of these varies from 0 to -1.1
MPa.

Figure 4.59: Minor principal stress distribution, 2.9 seconds after earthquake impact.
(Case 5)

The minor principal stress distribution around the toe for the same time can be seen in Figure
4.60. A zone of compressional stresses with increased magnitude is situated around the toe and
in the foundation below. The largest values are somewhere around 4.8 MPa and decreases fur-
ther away from the toe. At the nearby tunnel tensile stresses are developing around the floor and
roof with higher magnitudes at the roof. At the walls there are compressive stresses with in-
creased magnitude.

Figure 4.60: Minor principal stress distribution, 2.9 seconds after earthquake impact.
(Case 5)
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4.3.2 Major principal stress

4321 Casel

Figure 4.61 shows a plot of how the major principal stresses are situated. In general, the stress-
es increase uniformly with depth. Stress concentrations are found in the toe and heel of the dam
construction.

-1,217e7
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-1,725e7 Min

Figure 4.61: Major principal stress distribution. (Case 1)

Looking closer to the region around the heel in Figure 4.62, the largest compressive stress of
7.1 MPa occurs at the tip of the heel. There is also an area in the roof and floor of the grouting
gallery closest to the heel with some shades of green indicating larger stresses. The lowest
stresses occurs in the floor of the galleries but they never turns into tensile stresses.
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Figure 4.62: Major principal stress distribution around the heel. (Case 1)

Looking at Figure 4.63 and the area around the toe, it is possible that some tensile stresses oc-
cur in the lower right part of the grouting gallery closest to the toe. The maximum value is -0.05
MPa. The largest compressive stress is at the tip of the toe with magnitudes around 7.1 MPa.
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Figure 4.63: Major principal stress distribution around the toe. (Case 1)

43.2.2 Case?

The major principal stress distribution can be seen in Figure 4.64. The stress is largest at the
heel and toe of the construction.

Figure 4.64: Major principal stress distribution. (Case 2)

At the heel there is a concentration of high compressive stresses with magnitudes around 15
MPa which is shown in Figure 4.65. In the tunnels there are tensile stresses with small magni-
tudes being developed mainly in the floor but also in the roofs. In the walls of the tunnels there
are concentrations of compressive stresses with values around 7 MPa.
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Figure 4.65: Major principal stress distribution at the heel. (Case 2)

At the toe of the construction there are compressive stresses with values around 15 MPa which
is shown in Figure 4.66. At the tunnel there are large concentrations of compressive stresses in
the walls and destressed zones with low compressive stresses being developed in the roof and
floor. The same phenomenon can be seen in the other tunnels but the effect decreases further
away from the dam face.

Figure 4.66: Major principal stress distribution at the toe. (Case 2)

Figure 4.67 shows the major stress distribution at the upper part of the construction. The stress-
es are of compressive character and gets greater with the depth.
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Figure 4.67: Major principal stress distribution at the upper part of the construction. (Case
2)

4.3.2.3 Case3

Figure 4.68 shows an overview of how the major principal stresses are situated. The compres-
sive stress increases with the depth of dam with some exceptions. The largest compressive
stresses are found in the heel and toe while the lowest are in the gallery floors.

Figure 4.68: Major principal stress distribution. (Case 3)

The area around the dam heel can be seen in Figure 4.69. The stresses are of compressive char-
acter and magnitudes between 2 MPa to 5.3 MPa. The largest compressive stress is in the heel
with magnitude around 18 MPa. The floor and roof of the galleries have lower stresses in the
range between 0 to 1 MPa in the floor of the upper gallery there are some tensile stresses occur-
ring in the floor with a maximum value of around -0.09 MPa.
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Figure 4.69: Major principal stress at the heel. (Case 3)

Figure 4.70 shows the stresses in the area around the heel. There are no tensile stresses occur-
ring in that area. The compressive stresses are in general lower around the roof and floor with a
range of 0 to 1 MPa. The stresses are in general higher in the walls of the galleries, and are
largest in the walls of the grouting gallery closest to the heel were they are between 5.3 MPa to
8.7 MPa. The maximum compressive stress occurs in the toe with a value around 19 MPa.

Figure 4.70: Major principal stress at the toe. (Case 3)

4324 Case4

The major principal stress distribution is shown in Figure 4.71. At the heel and the nearby tun-
nel there are some tensile stresses. The rest of the dam is experiencing compressive stresses.
The top of the dam has a zone with very low compressive stress magnitudes and at the toe there
is a concentration of compressive stresses with higher magnitude.
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Figure 4.71: Major principal stress distribution. (Case 4)

The maximum principal stress distribution at the heel area is shown in Figure 4.72. Directly at
the heel there is a zone with tensile stresses, the maximum magnitude is approximately -2.2
MPa. Below the toe, compressional stresses are present but they are of low magnitude. At the
tunnel closest to the upstream face there are some tensional stresses developing at the roof and
floor.

Figure 4.72: Major principal stress distribution around the heel. (Case 4)

Around the toe there is a large zone of compressive stresses with increased magnitude seen in
Figure 4.73. Right at the toe the maximum value can be found and it is approximately 23 MPa.
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Figure 4.73: Major principal stress distribution around the heel. (Case 4)

4.3.25 Caseb

The major principal stress distribution 2.9 seconds after the first seismic loading can be seen in
Figure 4.74. Compressive stresses are situated across the whole dam body but the magnitudes
increase towards the dam toe.

Figure 4.74: Major principal stress distribution, 2.9 seconds after earthquake impact

(Case 5)
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The major principal stress around the heel area can be seen in Figure 4.75. The stresses are of
compressive character and the values around the heel are approximately 3.2 MPa. At the tun-
nels there are zones in the walls with slightly increased values around 6 MPa.

Figure 4.75: Major principal stress distribution around the heel, 2.9 seconds after earth-
quake impact. (Case 5)

The major principal stress distribution around the toe can be seen in Figure 4.76. As can be seen
there are no tensile stresses developing. However in the roof of the tunnel there is a decrease in
magnitude of the compressive stress. The maximum value is found at the toe with a value
somewhere around 24 MPa. There are also concentrations at the tunnel walls with increased
compressive stresses with values around 19 MPa.

Figure 4.76: Major principal stress distribution around the toe, 2.9 seconds after earthquake
impact. (Case 5)

4.3.3 Plastic strain

4331 Casel
As can be seen in Figure 4.77 there are no plastic strains developing in this stage.
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Figure 4.77: Plastic strains. (Case 1)

4.3.3.2 Case?2

No plastic strains are being developed for this section and stage which can be seen in Figure
4.78.
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Figure 4.78: Plastic strain distribution. (Case 2)

4333 Case3

There is a small area where plasticity occurs and that is in the heel of the dam. The largest plas-
ticity due to tension occurs at the tip of the heel with a value of 9.35e-6 and then it decreases
gradually as is moves further from the heel. This can be seen in Figure 4.79
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Figure 4.79: Plastic strains around the heel. (Case 3)

4.3.3.4 Cased

As can be seen in Figure 4.80 there is quite a large zone of plastic strain at the heel of the con-
struction. The maximum value is found right at the heel and the magnitude is approximately le-
3. The floor of the nearby tunnels also has a small zone of plastic strain.
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Figure 4.80: Plastic strain distribution at the heel. (Case 4)
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At the toe of the dam there are some plastic strains present which can be seen in Figure 4.81. A
quite small zone right at the toe and some areas around the floor and roof of the nearby tunnel is
experiencing the plastic strains.
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Figure 4.81: Plastic strain distribution at the toe. (Case 4)

4.3.3.5 Caseb

The plastic strains which are developed 2.9 seconds after the earthquake impact is shown in
Figure 4.82. The largest zone of yielding is found at the heel and a smaller zone is found to-
wards the toe.
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Figure 4.82: Plastic strain distribution, 2.9 seconds after earthquake impact. (Case 5)

The largest plastic strains are found around the heel seen in Figure 4.83. The largest magnitude
is around 2.2e-3. The yielding area stretches from the heel downwards and dips slightly towards
the downstream side. The magnitudes decrease further away from the heel.
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Figure 4.83: Plastic strain distribution around the heel, 2.9 seconds after earthquake im-
pact. (Case 5)

At the toe there is a small plastic zone which can be seen in Figure 4.84. The area stretches
from the right wall and floor of the tunnel towards the downstream face. The magnitudes are
from 3.2e-4 to 1e-5.
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Figure 4.84: Plastic strain distribution at the toe, 2.9 seconds after earthquake impact.
(Case 5).

4.3.4 Deformation in horizontal direction

4341 Casel

Figure 4.85 shows the deformations that occur in horizontal direction and they are in general
low. The left part of the model deform slightly to the right while the right part of the dam de-
forms slightly to the left.
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Figure 4.85: Deformations in horizontal direction. (Case 1)

4.3.4.2 Case?2

The horizontal deformation can be seen in Figure 4.86. The construction will move to the left in
the picture with the maximum value at the top of the dam with 1.1 cm. The horizontal defor-
mation decreases from the top and down towards the foundation.

7 06e-
-6,47e-3

-8,88e-3
-1,13e-2 Min

Figure 4.86: Deformation in horizontal direction. (Case 2)

4.3.4.3 Case 3

Figure 4.87 shows how the dam deforms in the horizontal direction. The negative values indi-
cate that the dam is tipping slightly backward were the largest movement is occurring at the top
of the dam where it moves around 3 cm.
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Figure 4.87: Deformation in horizontal direction. (Case 3)

4344 Cased

Figure 4.88 shows the deformation in horizontal direction. The dam will deform towards the
downstream side with the maximum value at the top of the construction with approximately 5.6
cm. The magnitude of the horizontal deformation decreases from the top and down towards the
foundation.

Figure 4.88: Horizontal deformation. (Case 4)

4345 Caseb

Figure 4.89 shows the horizontal deformation 2.9 seconds after the first seismic loading. The
dam will move towards the downstream side and the largest values are found at the top of the
construction and decreases downwards towards the foundation. The largest value is about 7 to 8
cm.
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Figure 4.89: Horizontal deformation, 2.9 seconds after earthquake impact. (Case 5)
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5 ANALYSIS

5.1 Model validation

The good and bad part of numerical models is that they only give the answers to the question
asked to it nothing more or less. To validate the correctness of the model the value of the nor-
mal horizontal stress oy calculated in subchapter 3.1 Calculations by hand will be compared to
values acquired from the models representing case 4. Plots of were the values are taken from
can be found in Appendix I11.

As seen in the figures from Appendix Il the values are not taken at the exact tip or the heel
or toe but with a small distance from that point. This is done with regards of peak stress values
that can occur in singularity points when using FE model. One suggested method to work
around this problem is to identify the area that the peak stresses occurs and disregard these re-
sults. Instead, the stresses can be measured in a region a bit outside of the area were the peak
stresses occurs which have been done in this case. (Rensburg, 2016)

In Figure 5.1 it can be seen that the calculated stresses for the heel in the overflow and non-
overflow regions are in general similar in magnitude.

At the toe of the overflow section, a large difference in values is noted. This can depend on
two things, the hand calculations are done with the assumption that the dam body is a solid
monolith with no galleries present. This is not the case in the ANSYS model where there is a
grouting gallery located about five meters from the toe which will influence how the stress
propagates. This could lead to a larger concentration of stresses around the toe compared to if
the model was done with no galleries.

The stress calculations done by hand uses two assumptions; that vertical stresses on horizon-
tal planes vary uniformly between the upstream and downstream face and that variation in hori-
zontal shear stress across horizontal planes is parabolic. It is also pointed out that these assump-
tions become less appropriate for horizontal planes close to the base level of the dam which is
the area where the calculations are done.

These two factors above may explain the large difference in values for the toe in the over-
flow section. But by comparing the results for the 3 other comparisons the results are similar
enough for the model to be considered valid.

Comparison of oy

TOE OVERFLOW
TOE NON-OVERFLOW

HEEL OVERFLOW

‘ | | HEEL NON-OVERFLOW
| |

-14 -12 -10 -8 -6 -4 -2 0

m value from ansys (MPa) ® calculated by hand (Mpa)

Figure 5.1: Comparison of normal stresses.
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5.2 Overturning stability

The overturning stability was calculated in subchapter 4.1. The factor of safety, F,, was evalu-
ated with two different water levels at Case 4 for both sections, normal water level and maxi-
mum water level.

For the non-overflow section the factor for normal water level was 2.37 and 2.11 for maxi-
mum water level. The change in water level had an expected influence on the result. With an
increased water level the factor of safety against overturning was decreased. However the
change in water level was only 4.74 meters and thus the change in safety was not considerably
high.

As described in the theory section in this thesis the factor should not exceed 1.5. The non-
overflow section is clearly safe in regards of overturning failure.

At the overflow section the factors of safety versus overturning was slightly lower with 2.24
for the normal water level and 2.04 with maximum water level. Thus the overflow section is
also safe against overturning failure.

Even though both sections clearly are safe against overturning there are some limits to this
analysis. The overturning moments which are being analyzed is not of enough magnitude to
create an overturning failure. The moments can however create tensile zones in the heel and
reduce the contact between the foundation and the dam construction. This was further investi-
gated with the numerical modeling.

5.3 Sliding stability

The sliding stability was calculated with two different factors, sliding factor (Fss) and shear
friction factor (Fsr). These were described in detail in subchapter 2.5. Both factors investigate
the risk of sliding along a horizontal plane anywhere in the dam and foundation. In this thesis
the factors were calculated at the boundary between the rock surface and the dam construction.
The shear friction factor requires a bit more input data and considers the mobilization of re-
sistance against shearing with the help of frictional angle and cohesion. Just like the overturning
stability the factors were calculated with both normal and maximum water level for both sec-
tions.

The sliding factor at the non-overflow section was 0.48 with normal water level and 0.51
with maximum water level. What is a bit unusual with this factor is that it should be as low as
possible, which was described in the theory section of this thesis. It is also a bit tricky to evalu-
ate this factor. The recommendation is that the factor should not exceed 0.75. However if the
shear resistance of the particular plane is considered low the factor should not surpass 0.5. One
can argue that the interface between rock and concrete should have some shear resistance and
thus the factor should not exceed 0.75. The non-overflow section is because of that considered
stable according to the sliding factor, Fss.

The sliding factor for the overflow section is 0.443 for the normal water level and 0.447 for
the maximum water level. The overflow section does not exceed 0.5 and is stable even if the
plane is considered to have low shear resistance.

The shear friction factor also takes the frictional angle and the cohesion value into considera-
tion. For these calculations it was assumed that some movement already had occurred along the
dam and rock interface. Because of that, the residual value of the cohesion was used when eval-
uating the factors.

The shear friction factor also takes the frictional angle and the cohesion value into considera-
tion. For the non-overflow section the factors was 2.89 for normal water level and 2.86 for
maximum water level. At the overflow section, the factor was 2.82 for normal water level and
2.89 for maximum water level. As described in the theory section the factor should be above
3.0 at the base interface. The shear friction factor is better when evaluating sliding stability than
the sliding factor if the input parameters are chosen correctly. For this case the input values are
considered good and because of this the shear friction factor should be mainly used when eval-
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uating the sliding stability. The shear friction factor is below the desired value of 3.0 but it is
pretty close to it. The dam should thus be stable against sliding but the safety factor does not
quite reach the suggested value.

5.4 Principal stresses at critical points and material failure

The principal stresses are of interest when evaluating the dam stability. If the stresses overcome
the material strength there will be failure and yielding of the material. Two of the most critical
parts of the construction are the heel and the toe of the dam. Therefore the principal stresses at
these areas are important to study.

Figure 5.2 is a graph of how the minor principal stress for the non-overflow section develops
along with the different cases. The black line represents the heel and the dotted line represents
the toe area.

For case 1 the minor principal stress consists of low compressive stresses at the heel. At
stage two and three the magnitude increases as the dam is constructed to its final geometry.
When the water pressure from the reservoir is added in case 4 the stress suddenly becomes ten-
sile. This is expected since the water pressure pushes the dam in the downstream direction and
overturning moments are added to the equation. Even though it is expected it is not good for the
construction since the tensile strength of concrete is much lower than the compressive strength.

The concrete used for the lower parts of the dam has a tensile strength of 1.6 MPa. At case 4
the tensile stress reaches approximately -4 MPa at the heel which indicates that the material will
fail and some form of yielding will take place. Thus the heel area needs to be investigated fur-
ther.

The compressive strength of the concrete is 18.5 MPa. The minor principal stress never
reaches that magnitude at neither the heel nor toe.

At case 5 the tensile stress at the heel seems to decrease. The reason can be that case 5 is a
transient analysis which also considers inertial effects. The mesh size is also larger for the dy-
namic analysis due to the increased calculation time which can affect the result.

Minor principal stress
non-overflow

Heel
| 2 3 \ 4 5 o= = Toe

o; MPa
N o

Case

Figure 5.2: The development of minor principal stress at heel and toe of the non-overflow
section.

The development of the major principal stress along with the cases for the non-overflow section
can be seen in Figure 5.3. The development of the major principal stress is very similar to the
minor principal stress described above but with different magnitudes.

In the heel at stage 1 the stress is about 5 MPa and increases up to 19 MPa for stage 2 and 3.
When the reservoir pressure is added in case 4 the stress rapidly decreases and becomes tensile.
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At case 3 the compressive stress is slightly higher than the compressive strength of the con-
crete. This indicates that the material will yield. At stage 4 the tensile stresses exceed the tensile
strength which also means that the material will fail.

At case 5 the tensile stress at the heel seems to decrease. The reason can be that case 5 is a
transient analysis which also considers inertial effects. The mesh size is also larger for the dy-
namic analysis due to the increased calculation time which can affect the result.

Major principal stress
non-overflow

15 / \
S / \ -—— - -
d Heel
2;10 ~
© . - == Toe

[ 4
Y 4 \
0
1 2 3 "

Case

Figure 5.3 The development of major principal stress at heel and toe of the non-overflow
section.

The development of the minor principal stress distribution for the overflow section is illustrated
in Figure 5.4. At the heel the minor principal stress slightly increases from case 1 to 3. When
the water pressure from the reservoir is added the dam will get pushed towards the downstream
side. This creates overturning moments and the minor principal stress at the heel becomes ten-
sile due to this. This can also be correlated to the toe where the compressive stress increases
slightly from case 1 to 3. When the overturning moments from the reservoir are created it will
increase the stresses at the toe.

The tensile stresses which are being developed in the heel at Case 4 and 5 is likely to cause
material failure and yielding since it exceeds the tensile strength by a good margin.

At case 5 the tensile stress at the heel seems to decrease. The reason can be that case 5 is a
transient analysis which also considers inertial effects. The mesh size is also larger for the dy-
namic analysis due to the increased calculation time which can affect the result.
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Figure 5.4: The development of minor principal stress at heel and toe of the overflow sec-
tion.

The major principal stress development for the cases is shown in Figure 5.5. At the heel the
stresses are similar to the minor principal stress development but of higher magnitudes. For
case 1 to 3 the compressive stresses increases. When the water pressure from the reservoir is
added and overturning moments are created the stress at the heel drastically decreases and be-
comes tensile. When even the major principal stress is of tensile character the risk of failure is
very high.

At the toe the compressive stresses increases steadily from case 1 to 4, with a larger increase
from case 3 to 4 due to the load from the water reservoir. At case 4 and 5 the compressive
stresses at the toe are greater than the compressive strength of the concrete and there is a risk
for material failure.

At case 5 the stress in the heel increases and becomes compressive due to the dynamic load-

ing.
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Figure 5.5: The development of major principal stress at heel and toe of the overflow sec-
tion.
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5.5 Yielded area and plastic strain

The yielded area of the dam and its foundation is shown in chapter 4. The plastic strains for the
non-overflow section is represented in Figure 4.33 to Figure 4.39. When studying these figures
it is clear that the heel is the critical point in regards of yielded area.

At the first case when only the bottom part of the dam has been constructed there are no
plastic areas developing. For case 2 and 3 when the construction is progressing there is a small
plastic zone which develops at the area above the heel in the dam body. This can be correlated
to the analysis of the major principal stress at the heel shown in Figure 5.2. The compressive
stresses which are developing at the heel exceed the strength of the concrete and it starts to
yield.

In case 4 the reservoir water pressure is added and the yielded area increases drastically. The
reason is that all principal stresses become tensile, which can be seen in Figure 5.2 and Figure
5.3, due to the moments which are being created.

At case 5 the dynamic loading from the earthquake is added and the yielded area becomes
even larger. The area mainly stretches further down into the foundation and it does not affect
the dam body itself that much. The tensile stress magnitudes are not increasing from case 4 to 5.
However the area of tensile stresses at the heel is larger in case 5 due to the earthquake. This
can be seen if Figure 4.12 and Figure 4.15 are studied.

The overflow section behaves very similar to the non-overflow section in regards of plastic
strains. The plots which represent the yielded area of the overflow section are Figure 4.77 to
Figure 4.84. At case 1 and 2 there is not any yielding taking place. When the construction is
finished at case 3, some yielding has taken place above the heel in the dam body.

From case 3 to 4 there is a significant increase in the yielded area which is a result from the
addition of the reservoir water pressure. All principal stresses become tensile due to the mo-
ments which are being created which generates the plastic strain, see Figure 5.4 and Figure 5.5.

For case 5 when the earthquake is added the yielded area shifts in shape and size, see Figure
4.80 and Figure 4.83. The plastic area becomes larger due to the dynamic loading which induc-
es a larger area of tensile stresses at the heel which can be seen if Figure 4.55 is compared to
Figure 4.58.

For the overflow section at case 4 and 5 there is also some plastic zones which are develop-
ing around the toe and the nearby grouting gallery. The distribution of this plastic area seems to
be aligned with the tensional zone which is being developed at the gallery, seen in Figure 4.57
and Figure 4.60. In case 5 the tensile area is larger and with that follows a larger yielded area.

5.6 Deformations

The deformation or movement of the dam during its construction and normal operation are of
interest to analyses as a part of its stability. Large and irregular movement patterns could indi-
cate instability. In Figure 5.6 and Figure 5.7 the deformation along the x-axis for a point in the
heel, toe and top of the dam for both sections is plotted.
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Figure 5.6: Deformation graph for the non-overflow section.
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Figure 5.7 Deformation graph for the overflow section.

The first case shows that both sections will have small movements in all three points. There
are positive values for the heel and top of the dam, and negative value for the toe. This could
indicate the sections bends toward the middle.

As more height is added to the structures for both sections, the structure tilts in the directions
of the upstream face. The deformations increase for case number four where the top now
moves around -33 mm in the overflow section and -42 mm for the non-overflow. The general
movement in the direction of the upstream face for the three first cases can be an explanation
for why the largest compressive stresses occurs in the heel not the toe for the first 3 cases.

When the dam is under the normal loads the deformations shift from deforming in the direc-
tion of the heel towards the direction of the toe which is to be expected as the loads from the
water will push the dam in the direction of the toe. During the seismic activity in the fifth case
the deformations will vary with time but the values in these tables are taken for the time 2.9 s.
For that time the deformations have increased compared to the static conditions in the fourth
case where the largest increase happens in the top of the non-overflow part were the top moves
an extra 23 mm along the x-axis.
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6 DISCUSSION
The purpose of this thesis was to answer the questions stated in subchapter 1.4 Aim and Objec-
tive. A discussion of how well this was completed will follow in this section.

6.1 Global failure modes and safety factor

Overturning and sliding stability was the global failure modes which were analyzed in the the-
sis. The safety factors were calculated for two water levels at operational stage, normal and
maximum. It is clear that with a higher water level the factor of safety decreases. However the
difference between the normal and maximum water level is not enough to create a big differ-
ence between the safety factors.

The overturning safety factor has a value exceeding the desired value. That was to be ex-
pected since a gravity dam is designed to withstand the water with only its gravitational self-
weight. However what is not investigated with this method is the fact that the overturning mo-
ments can create local tensile stresses in the heel which would reduce the safety of the dam.
This was instead investigated with the numerical modeling.

The sliding stability of the Longtan dam seems to be more of a concern in regards of safety.
The shear friction factor had a value above 1.0, which means it is stable. However, the desired
value of safety against siding is set to 3.0. The desired safety of the dam against sliding is thus
not satisfied even though it is close to it.

The addition of a seismic load from an earthquake is likely to decrease the safety against
sliding even further. This thesis did not cover a calculation of sliding stability with the inclusion
of dynamic loading but it can be assumed that sliding stability during an earthquake will be at a
critical point and risk failure.

6.2 Dam behavior

From the analysis it can be seen that the dam during its construction will start to tilt some in
the direction of the upstream face applying a larger amount of compressive stresses in the area
of heel than the toe. This behavior shifts as water is applied pushing the dam forward making
the compressive stresses in the heel tensile instead. As the seismic activity causes ground mo-
tion the dam will also start to move causing the stresses to vary in intensity during that time.

It is clear that the main problems of the dam are located at the heel area and the nearby gal-
leries. The tensional forces and yielded area are being generated in case 4 and is increasing in
severity for case 5 when the earthquake is added. The yielded area is likely to lead to cracks in
the concrete and stability problems due to reduced material strength and reduced contact area
between the dam and the rock foundation. The damages in the concrete can lead to infiltration
of water which would increase the pore pressure in the material and could risk escalating the
material failure and further decrease the stability. This thesis does however not investigate the
mechanical failures caused by infiltration and this is only speculation.

6.3 Conclusion

The main concern in regards of dam stability is the tensile area created at the heel. Even though
the material exceeds the material strength properties at some locations that does not mean the
dam will fail globally. The tensile area at the heel was expected due to the design of a gravity
dam. However it can still create problems with the stability if cracks are opening in the founda-
tion and in the dam body. In conclusion the dam safety during both normal operation and dur-
ing seismic loading is questionable.

6.4 Future research

Further evaluation of the stability should be done with models that also can simulate the behav-
ior of cracks that can be created by stresses that occur in the model. The effect of water seeping
into these cracks creating a pore pressure inside the dam is also worth investigating.
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The research done is this thesis does only capture the behavior of each section separately. A
more detailed 3D analysis of the whole dam and its surroundings would be able to predict how
the dam will react to the loads and seismicity when the different sections interact with each oth-
er.
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I1l.  Numerical results
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Appendix I: Cross-sections

Cross-section of the non-overflow part
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Figure 1: Non overflow section.
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Cross-section of the overflow part
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Appendix Il: Material properties
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Figure 1: Material properties of the Longtan dam. (Zhang, 2017)
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APPENDIX I11: Numerical results

Non-Overflow

Shear stress

Case 1

Figure 1 shows a plot of the shear stress. There are two areas where there is a larger
concentration of shear stresses compared to the rest of the model and that is in the heel and
toe. The heel got a maximum magnitude of 1.96 MPa and the toe maximum of 1.65 MPa.

Figure 1: Shear stress distribution. (Case 1)

Case 2

The shear stress distribution can be seen in Figure 2. The largest magnitude can be found in
the heel with a value of approximately 8.2 MPa. At the toe of the construction there is a
maximum value of 2.6 MPa.

Figure 2: Shear stress distribution. (Case 2)
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Case 3

The shear stress distribution can be seen in Figure 3. The largest magnitudes can be found
towards the heel and the upstream face with maximum value of approximately 7.6 MPa. At
the toe there is a concentration of shear stresses around the drainage gallery and the
downstream face with magnitudes around 1.9 MPa.

Figure 3: Shear stress distribution. (Case 3)

Case 4

The shear stress distribution can be seen in Figure 4. The largest magnitude is found around
the toe of the construction and the tunnel close to the downstream face.

Figure 4: Shear stress distribution. (Case 4)

A zoomed in picture of the results around the toe can be seen in Figure 5. The largest value is
found in the upper right corner of the tunnel closest to the downstream face with a magnitude
of approximately 7.0 MPa. There is also a concentration of shear stresses with values from 3.9
MPa to 5.0 MPa around the toe.
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Figure 5: Shear stress around the toe. (Case 4)

Case 5

The shear stress distribution 2.9 seconds after the first seismic loading can be seen in Figure
6. The largest values are found towards the toe of the dam. There is also a zone along the
tunnels where the magnitudes are relatively high of around 1.9 MPa.

Figure 6: Shear stress distribution, 2.9 seconds after earthquake impact. (Case 5)

Figure 7 shows the distribution of the shear stresses around the toe. The largest value is found
at the toe and upper right corner of the tunnel with approximate magnitude of 5.6 MPa.



Appendix 1

ARSYS

' Unit B

Figure 7: Shear stress distribution at the toe, 2.9 seconds after earthquake impact. (Case
5)

Minor principal elastic strain

Case 1

Figure 8 shows the minor elastic strains in the dam body. For most of the body there are low
to no tensile strains but with some increases around the heel and toe. For the heel the
maximum strain is -4.5e-5 and around -3e-5 for the toe.

Figure 8: Minor principal elastic strain distribution. (Case 1)

Case 2

The minor principal elastic strain distribution is shown in Figure 9 and it consists of tensile
strains. The maximum magnitude can be found in the foundation next to the heel with a value
of -1.1e-4. The main areas are the upstream face and the nearby tunnels. There is also a zone
at the toe and the nearby tunnel which is experiencing tensile stresses.
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3 e
Maximum Principal Elasti
Type: Maximum Principal
Unit: m/m
Time: 1

Mz 1,10e-4
Min: 0,00e0

1,108-4
8,326-5
B,596-5
7,366-5
6,148-5
491e-5
35865
24565
1,238-5
0,0080

Figure 9: Minor principal elastic strain distribution. (Case 2)

Case 3

The minor principal elastic strains are of tensile character. As can be seen in Figure 10 the
largest concentration is at the heel of the construction and in the foundation below. There is
also a zone along the upstream face and the nearby tunnels which are being affected.

Time: 10
Max: 1,87e-4
Min: 0,00e0

1,87e-4
1,66e-4
1,450-4
1,24e-4
1,04e-4
8,30e-5
6,22e-5
4.15e-5
2,07e-5
0,00e0

Figure 10: Minor principal elastic strain. (Case 3)

The concentration around the heel can be seen in Figure 11. The largest value is found in the
foundation next to the heel with a magnitude of -1.6e-3. The tensile elastic strain is then
distributed downwards into the foundation and also upwards along the upstream face. The
tunnels close to the face are also experiencing tensile elastic strains.
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Maximurm Principal Elastic Strain
Type: Maximurn Principal Elastic
Unit: m/m
Time: 10
Mac 1,87e-4
Min: 0,00e0

1,876-4
1,66e-4
1,456-4
1,248-4
1,04e-4
8,308-5
5.226-5
4156-5
2,07e-5
0,0080

Figure 11: Minor principal elastic strain at the heel. (Case 3)

Case 4

The minor principal elastic strain is shown in Figure 12. All minor principal elastic strains are
of tensile character. At the heel there is a large zone of tensile strains with larger magnitudes.
At the toe there is also a zone of tensile strains.

Waximum Principal Elastic Strain
Type: Maximurm Principal Elastic Strain
Unit: mfm
Time: 10
Max: 3,128-4
min: 0,000

3,12e-4
2,77e-4
2,476-4
2,08e-4
1,736-4
1,39e-4
1,048-4
£,938-5
3,466-5
0,0080

Figure 12: Minor principal elastic strain. (Case 4)

Figure 13 shows the minor elastic strain around the heel. As can be seen the largest
magnitudes are concentrated right at the heel with values around -3.1e-4 and the magnitudes
decreases further away. There are also concentrations which are developed around the
tunnels.
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Figure 13: Minor principal elastic strain at the heel. (Case 4)

Case 5

The minor principal elastic strain 2.9 seconds after the first dynamic loading can be seen in
Figure 14. Tensile strains are developing over the whole dam body and in the foundation. At
the heel there is a large zone with increased magnitudes of the tensile strains. At the toe there
is a smaller area where the same phenomenon occurs.

Figure 14: Minor principal elastic strain distribution, 2.9 seconds after earthquake impact.
(Case 5)
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Figure 15 shows the major principal elastic strain distribution at the heel. The largest
magnitude of the tensile strain is found in the foundation below the heel with a value of
approximately -1.5e-4. Around the tunnels there are also increased values with magnitudes
around -1.1e-4 to -1.3e-4.

Figure 15: Minor principal elastic strain at the heel, 2.9 seconds after earthquake impact.
(Case 5)

The minor elastic strain distribution at the toe can be seen in Figure 16. Around the tunnel
close to the downstream face, tensile stresses are developing with magnitudes ranging from
approximately -5.7e-5 to -1.5e-4. Next to the toe in the foundation a zone of tensile strain is
also developed with a maximum value of approximately -1.5e-4.

Figure 16: Minor principal elastic strain distribution, 2.9 seconds after earthquake impact.
(Case 5)



Appendix 1

Major principal elastic strain

Case 1

Looking at the major elastic strain in Figure 17 there are low to no compressive strains
occurring over the entire dam body. The largest ones are concentrated around and slightly
below the heel with a magnitude span from 3e-5 to 8e-5.

Figure 17: Major principal elastic strain distribution. (Case 1)

Case 2

The major principal elastic strain distribution can be seen in Figure 18. The strains magnitude
is increasing towards the heel of the construction where also the maximum value is found of
approximately 7e-4.

Figure 18: Major principal elastic strain distribution. (Case 2)

Case 3

The major principal strain distribution is shown in Figure 19. As can be seen the strains are
increasing towards the heel of the dam and has a maximum magnitude of 6.9e-3.
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Figure 19: Major principal elastic strain. (Case 3)

Case 4

The distribution of major principal elastic strain is shown in Figure 20. The strains are of
compressive character. The largest magnitude is found towards the toe of the dam and the
values decreases further away from it.

Figure 20: Major elastic principal strain. (Case 4)

At the heel there is a concentration of tensile strains with a maximum magnitude of about
6.8e-5 which can be seen in Figure 21. The tunnels are experiencing concentrations of higher
magnitudes of compressive strains in the walls.
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Figure 21: Major principal elastic strain at the heel. (Case 4)

At the toe there is a zone of compressional strains being developed seen in Figure 22. The
largest compressive magnitude is found in the upper right corner of the nearby tunnel with a
value of about 8.2e-4. In the upper left corner of the same tunnel there are tensile strains being
developed.

Figure 22: Major principal elastic strain at the toe. (Case 4)

Case 5

The major principal elastic strain distribution 2.9 seconds after the first dynamic loading can
be seen in Figure 23. Apart from a small area at the heel there are only compressive elastic
strains developing. The magnitudes increase towards the toe of the dam.
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Figure 23: Major principal elastic strain distribution, 2.9 seconds after earthquake impact.
(Case 5)

The major principal elastic strain at the heel can be seen in Figure 24. There is a small tensile
strain zone developing in the heel of the dam body. The rest of the strains are of compressive
character.

Figure 24: Major principal elastic strain distribution at the heel, 2.9 seconds after
earthquake impact. (Case 5)

The major principal elastic strain around the toe, 2.9 seconds after the first impact of the
dynamic loading can be seen in Figure 25. Concentrations of compressive strains with
increased magnitude can be found around the toe and the downstream tunnel. The largest
values are located at the toe and in the upper right corner of the tunnel. The largest values are
around 7e-4. In the roof and floor of the tunnel there are zones with decreased values of the
compressive strains.
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Figure 25: Major principal elastic strain around the toe, 2.9 seconds after earthquake
impact. (Case 5)

Deformation in vertical direction

Case l

Figure 8 shows the vertical deformations where the entire model deforms almost uniformly
downwards. Directly under the dam body there are some larger magnitudes of deformation.
The deformation is around 0.2 meters for the dam body.

Figure 26: Vertical deformation. (Case 1)

Case 2
As can be seen in Figure 27 the dam will sink uniformly with a value of approximately 23 cm.
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Figure 27: Vertical deformation. (Case 2)

Case 3

The deformation in vertical direction can be seen in Figure 28. The dam will sink with a
maximum value of about 25 cm. The upstream side of the construction is subjected to larger
magnitudes of deformation than the downstream side.

Figure 28: Vertical deformation (Case 3)

Case 4

The construction and its foundation will sink quite uniformly with a maximum value of about
25 cm which can be seen in Figure 29. The upstream side of the foundation will experience
more vertical deformation than the downstream side.
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Directional Deformation 2

Type: Directional Deformation(r Axis)
Unit: m

Global Coordinate System

Time: 10

& 0,00e0

Min:-2,53e-1

0,0080
27882
-5,566-2
83462
11181
-1,39e-1
-1,68e-1
-1,96e-1
-2,248-1
-2,53e-1

Figure 29: Vertical deformation. (Case 4)

Case 5

The deformation in vertical direction 2.9 seconds after the first dynamic loading is shown in
Figure 30. The dam will sink uniformly with a value around 25 cm. A larger area of the
foundation at the upstream side will deform in comparison with the downstream foundation.

Directional Deformation 2

Type: Directional Deformation(y Axis)
Unit: m

Glohal Coordinate System

Time: 12,887

Wiz 0,000

Min: -2,49e-1

0,0080
-2,76e-2
-5,538-2
-8,296-2
1,11e-1
-1,38e-1
-1,666-1
-1,938-1
-2,21e-1
-2,496-1

Figure 30: Vertical deformation, 2.9 seconds after earthquake impact. (Case 5)

Vertical normal stress
The vertical normal stress at the heel and the toe is used for comparison with hand
calculations for model validation. They can be seen in Figure 31 and Figure 32.
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Case 4

-6,3928e6
-8,0626e6
-6,2325e6
-1,0402e7
-1,167267
-1,2742e7
-1,39127 Min

Figure 31: Vertical normal stress at the heel.

ANSYS
“Ont

-B,892086
-8,062666
-9,232526
-1,0402e7
1167287
1,2742e7
-1,3912e7 Min

Figure 32: Vertical normal stress at the toe.

Overflow

Shear stress

Case 1

The shear stress in Figure 33 shows that it is mostly in the magnitude of 0.5 MPa to 0.38
MPa. The largest magnitudes are found at the heel and toe where its corresponding
magnitudes are 3.93 MPa and 3.83 MPa.
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Figure 33: Shear stress distribution. (Case 1)

Case 2

The shear stress varies according to Figure 34. The maximum magnitude can be found at the
heel with a value of approximately 6.8 MPa. The value at the toe is 5.7 MPa.

Figure 34: Shear stress distribution. (Case 2)

Case 3

The shear stresses can be seen in Figure 35. The magnitudes are in general quite uniform with
values between 1.45 e6 to 1.24 e6. The largest values occur around the heel and toe of the
dam.
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-1,2476e6
-2,6007e6

-3,9538e6
-5,3069e6
-6,66e6
-8,0131e6 Min

Figure 35: Shear stress distribution. (Case 3)

Looking closer at the heel of the dam in Figure 36, it can be seen that the largest shear stresses
occur around the tip of the heel. The maximum magnitude reaches approximately 8 MPa but
the general magnitudes are around 1 to 1.4 MPa.

1,2476e6
-2,6007e6
-3,0538e6
-5,3060e6
-6,66e6

-8,0131e6

Figure 36: Shear stress distribution around the heel. (Case 3)

For the area around the toe, shown in Figure 37, there is a larger magnitude of shear stresses
around the toe. The maximum value reaches 5.51 MPa. There are also a higher amount of
shear stresses around the left side of the floor and right side of the roof in the tunnel closest to
the downstream face.
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B: OF DEL 3

Shear Stress

Type: Shear Stress(XY Plane)
Unit: Pa

Global Coordinate System
Time: 1

Max: 5,51785e6

Min: -8,01307e6

2017-11-29 11:16

5,51785e6
4,16476e6
2,81166e6
1,45857e6
1,05481e5
-1,24761e6
-2,60070e6
-3,95379e6
-5,30689e6
-6,65008e6
-8,01307e6

Figure 37: Shear stress distribution around the toe. (Case 3)

Case 4

The distribution of shear stress can be seen in Figure 38. The largest magnitudes can be found
around the tunnel closest to the toe and the maximum value is approximately 7.8 MPa.

Figure 38: Shear stress distribution. (Case 4)

Case 5

Figure 39 shows the shear stress distribution after 2.9 seconds of seismic loading. The largest
values are found around the downstream tunnel and the toe.
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Figure 39: Shear stress distribution, 2.9 seconds after earthquake impact. (Case 5)

The shear stress distribution around the toe is displayed in Figure 40. The largest values are
found in the upper right corner of the tunnel and at the toe with magnitudes around 5.5 MPa.
The magnitudes are also increased below the tunnel in the dam body with values around 3.5 to
4 MPa.

Figure 40: Shear stress distribution around the toe, 2.9 seconds after earthquake impact.
(Case 5)

Minor principal elastic strain

Case 1

The minimum principal elastic strain can be seen in Figure 41. The magnitudes are in general
low and in tension. The maximum values are around -5e-5 to -6e-5 and can be found in the
toe and heel.
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D: OF DEL 1

Maximum Principal Elastic Strain
Type: Maximum Principal Elastic Strain
Unit: mim

Time: 1

2017-11-29 15:45

8,8591e-5 Max
7.8748e-5
6,8004e-5
5,9061e-5
4,9217e-5
3,9374e-5
2,953e-5
1,9687e-5
9,8435-6
0 Min

Figure 41: Minor principal elastic strain distribution. (Case 1)

Case 2

The minor principal elastic strain distribution is show in Figure 42. The strains are of tensile
character and the zones mainly affected are the upstream face, heel and toe of the dam. The
largest value is found in the foundation next to the heel and has a value of about -1.6e-4. The
downstream tunnel is also subjected to zones of elastic strains.

C: OF DEL 2
Maxirmum Principal Elastic Strain
Type: Maximum Principal i
Unit: m/m

Time: 1

& 1, 63e-4

Min: 0,00e0

1,63e-4
1,456-4
1,27e-4
1,09e-4
5,066-5
7,256-5
5,446-5
36285
1,816-5
0,0080

Figure 42: Minor principal elastic strain distribution. (Case 2)

Case 3

The minor principal elastic strain can be seen in Figure 43. The strains are tensile over the
whole model but for almost the entire model they are from 0 to -2.12e-5. The largest values
are occurring around the heel.
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ime: 1
Max: 0,0001915
Min: 0
2017-11-29 13:26

0,0001915
0,00017022
0,00014894
0,00012767
0,00010639
85111e5
6,3833e-5
4,2556e-5
2,1278e-5
0

Figure 43: Minor principal elastic strain distribution. (Case 3)

Looking closer at the heel in Figure 44, the largest strains occur in the ground behind the dam
heel. Strains in the heel itself are still low but with the highest values seen in teal occurring
around the upper drainage gallery and the bottom of the heel.

Maximu P cipal astic Stra
Type: Maximum Principal Elastic Sti
Unit: m/m
Time: 1
Max: 0,0001915
Min: 0

2017-11-29 13:27

0,0001915
0,00017022
0,00014894
0,00012767
0,00010639
8,5111e-5
6,3833e-5
4,2556e-5
2,1278e-5
o]

Figure 44: Minor principal elastic strains around the heel. (Case 3)

Case 4

The minor principal elastic strain is of tensile character which can be seen in Figure 45. The
largest zone of tensional strains can be found at the heel, there is also a smaller zone at the
toe.
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Type: Maximurn Principal Elasi
Unit: m/m
Time: 10
Max: 5,248-4
Min: 0,00e0

5,248-4
4,5Be-4
4,086-4
3,496-4
29164
2,33e-4
1,756-4
1,166-4
5,826-5
0,00e0

Figure 45: Minor principal elastic strain distribution. (Case 4)

The maximum magnitude of the minor principal elastic strain is found right at the heel with a
value of -5.2e-4 which is shown in Figure 46. The tensional zone stretches down into the
foundation and towards the bottom tunnels in the dam. The magnitudes decrease with the
distance from the heel.

Type: Maximurm Principal El3
Unit: mfm

Time: 10
Max: 5,248-4
min: 0,000

5,24e-4
4 BBe-4
4,086-4
3,40e-4
29164
2,33e-4
1,756-4
1,16e-4
5,826-5
0,0080

Figure 46: Minor principal elastic strain at the heel. (Case 4)

Figure 47 shows the minor principal elastic strain at the toe. As can be seen the area around
the tunnel and the foundation is subjected to tensional strains.
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ANSYS
IRt i
Time: 10
Max 5 24e-4
fin: 0,00e0

5 248-4
4 Bie-4
4 054
3498-4
281e-4
2330-4
1 75e-4
1 16e-4
5828-5
0,0080

Figure 47: Minor principal elastic strain at the toe. (Case 4)

Case 5

The minor principal elastic strain 2.9 seconds after the first seismic loading is shown in Figure
48. There are zones around the heel and toe where tensile strains are developing.

Time: 12,887
Max: 2,41e-4
Min: -3 28e-5

24164
2,108-4
1,808-4
1,49e-4
1,198-4
8,87e-5
5,836-5
2,798-5
-2, 4766
-3,286-5

Figure 48: Minor principal elastic strain, 2.9 seconds after earthquake impact. (Case 5)

The minor principal elastic strain around the heel can be seen in Figure 49. There is a large
zone of tensile strains developing at the heel and in the foundation below with values
spanning from -1.5e-4 to -8e-5. Tensile strains are also developing in the lower parts of the
dam body with values around -5e-5.
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Figure 49: Minor principal elastic strain at the heel, 2.9 seconds after earthquake impact.
(Case 5)

The minor principal elastic strain at the area around the toe can be seen in Figure 50. In the
foundation next to the dam toe there is a zone of high tensile strains with values around -2e-4.
Around the tunnel there are zones with tensile strains from -1.2e-4 to -1.4e-4. There is also a
large zone of tensile stresses stretching into the dam body and in to the foundation with values
around -2.8e-5 to -5.8e-5 (in teal).

Figure 50: Minor principal elastic strain at the toe, 2.9 seconds after earthquake impact.
(Case 5)
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Major principal elastic strain

Case 1

The major principal elastic strain is seen in Figure 51. The strains are low in magnitude and of
compressive character over the entire dam body. The largest strains are found in the toe and
heel where both have magnitudes around 2e-5.

Figure 51: Major principal elastic strain distribution. (Case 1)

Case 2

The major principal elastic strain is shown in Figure 52. The magnitudes are increasing
towards the heel of the construction and that is also where the largest value is found of
approximately 6.8e-4. There is also a concentration at the toe where the magnitude is a bit
larger.

Figure 52: Distribution of the major principal elastic strain. (Case 2)

Case 3

The major elastic strains are situated according to Figure 53. The strains are compressive over
the entire dam body and are in general higher as they move towards the heel.
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Figure 53: Major principal elastic strain distribution. (Case 3)

Taking a closer look at the heel in Figure 54, the largest strains occur at the tip of the heel and
the area around. The maximum magnitude is 6.97e-4. Around the grouting gallery closest to
the heel and the drainage gallery one level above there are some strains seen in green showing
that they are of higher magnitude.

-4,65340-4
-5,42866-4

-6,2038e-4
-6,9790e-4 Min

Figure 54: Major principal elastic strain around the heel. (Case 3)
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Case 4

The major principal elastic strain distribution can be seen in Figure 55. The major principal
elastic strains are of compressive character except for at a small zone right at the heel of the
dam.

Figure 55: Major principal elastic strain distribution. (Case 4)

As can be seen in Figure 56 there is a zone of tensional strains right at the heel with a
maximum magnitude of -7.3e-5.

Figure 56: Major principal elastic strain distribution at the heel. (Case 4)
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At the toe and the nearby tunnel there is a concentration of elastic strains with increased
magnitude which is displayed in Figure 57. The maximum value is found right at the toe with
a magnitude of approximately 1.4e-1. The walls of the tunnel experiences higher values of
elastic strain than the roof and floor.

Figure 57: Major principal elastic strain distribution at the toe. (Case 4)

Case 5

The major principal elastic strain distribution 2.9 seconds after the first dynamic loading from
the earthquake can be seen in Figure 58. There are only compressive strains developed and
there is a zone around the toe with increased magnitudes.

Figure 58: Major principal elastic strain distribution, 2.9 seconds after earthquake impact.
(Case 5)

The major principal elastic strain around the toe for the same time can be seen in Figure 59.
The largest value is found at the toe with a magnitude around 1.1e-3. At the tunnel walls there
are concentrations of compressive strains with values around 8e-4. In the roof there is a small
zone with lower magnitude.
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Figure 59: Major principal elastic strain distribution around the toe, 2.9 seconds after
earthquake impact. (Case 5)

Deformation in vertical direction

Case 1

The vertical deformation is shown in Figure 60. The dam will deform quite uniformly but
right below the dam the deformation is slightly increased.

-2,17e-1 Min

Figure 60: Deformation in vertical direction. (Case 1)

Case 2

As can be seen in Figure 61 the dam will sink uniformly in vertical direction. The maximum
value is about 24 cm.
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Figure 61: Deformation in vertical direction. (Case 2)

Case 3

The deformations along the vertical can be seen in Figure 62. The dam body moves
downwards were the upstream face of the dam moves around 0.23 m downwards while the
upstream face moves together with the rest of the ground around 0.2 m downwards.

Figure 62: Deformation in vertical direction. (Case 3)
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Case 4

The vertical deformation can be seen in Figure 63. The dam will sink uniformly with a
maximum value of approximately 26 cm.

-2,898-2

Figure 63 : Vertical deformation. (Case 4)

Case 5

The vertical deformation 2.9 seconds after the first seismic loading is seen in Figure 64. The

dam will sink quite uniformly for around 26 cm. The foundation on the upstream side deforms
more than the downstream side.

Ma)(:‘u :
Min- -0 25798

0
-0,028664
-0,067328
-0,085993
-0,11466
-0,14332
-0,17149
-0,20065
-0,22931
-0,25798

Figure 64: Vertical deformation, 2.9 seconds after earthquake impact. (Case 5)

Vertical normal stress
The vertical normal stress at the heel and the toe is used for comparison with hand
calculations for model validation. They can be seen in Figure 65 and Figure 66.
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Case 4

-6,3417e6
1,17T1eT

-1,4267
-1,6628e7
-1,9058e7
-2,1487e7
-2,3916eT
-2,634507
-2,8775eT
_3,1204e7 Min

Figure 65: Vertical normal stress at the heel.

-1, 4267
1662987
-1,805887
-2,1487e7
-2,3916e7
2634527
-2,8775eT

-3,1204e7 Min

Figure 66: Vertical normal stress at the toe.
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