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ABSTRACT

DEVELOPMENT OF A DECISION SUPPORT SYSTEM FOR
OPTIMAL INSTRUMENTATION OF
CONCRETE FACED ROCKFILL DAMS

Ar1, Onur
Ph.D., Department of Civil Engineering

Supervisor: Prof. Dr. A. Melih Yanmaz

September 2016, 219 pages

In this study, an algorithm for optimal design of instrumentation systems for concrete
faced rockfill dams was developed. The aim of this algorithm is to determine the
number and the location of individual instruments for stress monitoring. It was
intended to develop a user-friendly and flexible algorithm that would be applicable in
reliable and economic design of instrumentation systems for concrete faced rockfill
dams. The first developmental step was the generation of a model cross-section for a
concrete faced rockfill dam. Possible loadings were applied to this model cross-
section. With the execution of a number of analyses for various dam heights via
computer-assisted finite element analyses, some stress contours were obtained. These
stress contours of different dam heights were analysed to end up with a representative
stress distribution model. Then the governing dimensionless equations were formed
for obtaining the magnitudes and location of different stress zones as a function of dam
height. These zones provided information about the general trend of the overstressed
areas. By expansion of the analyses, an algorithm for proper location and number of
such equipment was obtained. An optimization algorithm to be used for horizontal
placement of sensors in one of the standard sections were developed and the results

were analysed. A vertical placement algorithm based on error minimization was also



developed and two algorithms were combined. The final optimization scheme was
demonstrated for a number of dams and the sensitivity of the algorithm was also
analysed. It can be said that this optimization scheme provides a basis for the design
of an instrumentation system for concrete faced rockfill dams considering both the

economy and the effectiveness in terms of data quality of the instrumentation system.

Keywords: Dam Safety, Dam Monitoring, Dam Instrumentation, Optimum

Instrumentation, Concrete Faced Rockfill Dam
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ON YUZU BETON KAPLI KAYA DOLGU BARAJLARIN iZLEME
SISTEMLERININ EN UYGUN TASARIMI iCIiN BiR ALGORITMA
GELISTIRILMESI

Ar1, Onur
Doktora, ingaat Miihendisligi Béliimii

Tez Yoneticisi: Prof. Dr. A. Melih Yanmaz

Eyliil 2016, 219 sayfa

Bu ¢aligmada, 6n yiizii beton kapli kaya dolgu barajlarin izleme sistemlerinin optimum
tasarimi icin bir algoritma gelistirilmistir. Bu algoritmanin amaci, bagimsiz yiik
dlgerlerin sayisii ve yerlerini belirlemektir. On yiizii beton kapli kaya dolgu barajlarin
izleme sistemleri i¢in kullanimi kolay ve esnek bir algoritma gelistirilmesiyle bu
sistemlerin tasarimlarinin daha giivenilir ve ekonomik yapilabilecegi 6ngoriilmektedir.
[k adimda, bilgisayar destekli sonlu elemanlar analizi icin model kabul edilen 6n yiizii
beton kapli kaya dolgu bir baraj kesiti gelistirilmistir. Bu baglamda, degisken
yiikseklikteki baraj kesitlerine olas1 yliklemeler uygulanmistir. Bu analizlerin degisken
baraj yiiksekliklerine uygulanmasi sonucunda es-yiik egrileri elde edilmistir. Bu es-
yiik egrilerinin degisken baraj yiikseklikleri ve yiikleme kosullarina uygulanmasinin
sonucunda ise temsili bir yiik dagilim modeli olusturulmustur. Boylece es-yiik egrileri
boyut ve biiytikliiklerini baraj yiiksekligine gére veren denklemler elde edilmistir. Es-
yiik egrileri, baraj gdvdesindeki asir1 yiikklenmis bolgelerin genel egilimleri ile ilgili
bilgiler vermistir. Analizlerin genisletilmesi ile aygitlarin gévde igindeki en uygun
yerleri ve sayilari elde edilmistir. Sensorlerin standart bir kesit i¢inde yatay dogrultuda
yerlestirilmesi i¢in bir optimizasyon algoritmasi gelistirilmis ve elde edilen sonuglar

degerlendirilmistir. Dikey dogrultuda sensor yerlesimi i¢in kullanilacak hata kiigiiltme
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tabanli bir algoritma da gelistirilmis ve bahsedilen iki algoritma birlestirilmistir.
Sonugta elde edilen optimizasyon plani gesitli baraj kesitlerinde denenmis ve
algoritmanin hassasiyeti de analiz edilmistir. Bu optimizasyon planinin 6n yiizii beton
kapli kaya dolgu barajlarin izleme sistemlerinin hem ekonomik, hem de izleme
sisteminden elde edilecek verinin kalitesini goz oOniinde bulunduran bir sekilde

tasarlanmasi i¢in temel olusturacagi dngoriilmektedir.

Anahtar Kelimeler: Baraj Giivenligi, Barajlarin izlenmesi, Baraj Ol¢iim Sistemleri,

En Uygun Olgiim Sistemi, On Yiizii Beton Kapli Kaya Dolgu Baraj
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CHAPTER 1

INTRODUCTION

1.1 General

Growing demand to energy and water leads to a great increase in dam construction
activities. Dams may exhibit potential risk of failure depending on structural type,
aging effects, and local site characteristics. In the case of collapse of a dam, valuable
farm areas may be flooded, various types of private or public properties may be
severely damaged and last but not the least, many fatalities may occur. In order to
protect the people and the properties, it can be said that a dam must be as safe as
possible. Although, the lessons learned from past events forced designers to develop
sophisticated approaches, there still exists an unknown level of risk related with the
dam body itself and the appurtenant structures. Due to the uncertain nature of hydro-
meteorological data, foundation properties, material deficiencies, and constructional
quality, every dam project imposes a potential risk, which can be reduced only if
various sources of uncertainties are identified and handled in modelling (YYanmaz and

Ari, 2011). This would result in economic savings.

1.2 Statement of the Problem

There is a growing tendency for constructing Concrete Faced Rockfill Dams (CFRDs)
worldwide due to their apparent advantages regarding saving in construction duration
and no-requirement to impermeable core. Similar to the case of other types of dams,
an effective instrumentation system should be implemented to CFRDs to obtain
information about the structural behaviour throughout the lifetime of these structures.
The layouts of bodies of some existing CFDSs reported in the literature were examined

according to the distribution of various types of instruments. However, no specific

1



guidelines regarding arrangement practices for instruments were found. Therefore, this
gap in the literature is considered to be the triggering point of this study, which is

carried out specifically for CFRDs.

This study attempts to find a logical answer to the questions that may arise during the
design phase of a CFRD. The main question is related with the locations of the sensors
to measure a structural health indicator of a dam. The secondary question would
emerge quickly as well, which is related with the number of sensors within a structure.
The aim is to provide a sound and logical decision support system which can provide
the solution to the dam monitoring system designers considering the required amount

of information from the sensor network with the lowest possible cost.

1.3 Scope of the Study

In this study, an algorithm for optimal design of monitoring and instrumentation
system for CFRDs was developed. The aim of this algorithm is to determine the
number and the location of individual instruments for stress-strain monitoring
throughout the dam body. This selection is greatly dependent on the evaluation of the
structural behaviour of this type of dam. It is intended to develop a user-friendly and
flexible algorithm that would be applicable in reliable and economic instrumentation

system design of concrete faced rockfill dams.

The first developmental step was the generation of a model cross-section for a concrete
faced rockfill dam with respect to stress contours. To this end, a particular loading was
applied to a model cross-section of variable height. A realistic execution of the
software depends mainly on the description of foundation material properties, contact
details between the dam and foundation and concrete upstream facing, and the
assumptions made. The software PLAXIS was used for this purpose throughout this

study.



Chapter 2 provides brief information about CFRDs, such as history, advantages over
other types of dams, and design principles. Chapter 3 gives brief information about the
items that should be monitored in CFRDs and summarizes the sensor types to be used
in monitoring systems of CFRDs. The scope of the study and the development of the
model are explained in detail in Chapter 4. The algorithm outputs and the effects of
seepage, earthquake loading, and the alternative placement of sensors are also
discussed in Chapter 4. In Chapter 5, the comparison and verification of the algorithm
outputs with the instrumentation of existing CFRDs are presented. Finally, the
conclusions and recommendations for further studies are provided in Chapter 6.






CHAPTER 2

CONCRETE FACED ROCKFILL DAMS

2.1 Brief Information about CFRDs

A Concrete Faced Rockfill Dam (CFRD) is a kind of embankment dam having an
impervious concrete slab on the upstream face of underlying rockfill body in order to
achieve watertightness rather than employing an impervious clay core. The hydrostatic
load of the reservoir improves the overall stability of the dam body. With the properly
constructed upstream concrete facing, the fill materials and zones of a CFRD are not
saturated which prevents the occurrence of the pore water pressure within the dam
body. CFRDs are gaining popularity from day to day because of their benefits. That is
why initiative type selection studies of dam projects include CFRD alternative as the
recent trend. Their advantages are listed as relatively low construction costs compared
to other types of dams, simplicity in embankment formation, general suitability to
different natural and foundation conditions, and shorter construction period. Other key
factors favouring selection of concrete faced rockfill dams are their better performance

in humid climates and no dependency on impervious soil reserves (Ozkuzukiran et al.,

2006).

A list of CFRDs in Turkey under service or during planning and construction stages is
given in Table 2.1 in which E is energy, MW is municipal water, and IW is irrigation

water.



Table 2.1 Concrete faced rockfill dams in Turkey

Dam Province River Purpose
Aladerecam Glimiishane Karaovacik E
Alakoprii Mersin Dragon E + MW
Arkun Artvin/Erzurum Coruh E
Atasu Trabzon Galyan E+ MW
Cokal Tekirdag Kocadere W
Dim Antalya Dim E+MW+IW
Gokgebel Giimiishane/Giresun Gelevar E
Gordes Manisa Gordes MW + IW
[lisu Mardin Dicle E
Kandil Kahramanmarag Ceyhan E
Kavsak Bendi Adana Seyhan E
Kiirtiin Glimiighane Harsit E
Marmaris Mugla Kocaalan MW + IW
Sarigiizel Kahramanmarag Ceyhan E
Silvan Diyarbakir Batman E+IW
Torul Glimiishane Harsit E

In spite of the aforementioned advantages of CFRDs, design of the impervious
upstream facing requires great attention. Since the design of CFRDs is generally based
on the expert judgment and engineering experience (Cooke, 1984), various properties
of this face slab should be studied extensively with utmost care. A typical cross-section

of a CFRD is given in Figure 2.1.
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Figure 2.1 A typical CFRD cross-section (Chau Chin, 2004)

2.2 History of CFRDs

CFRD application originated from gold mining region of Sierra Nevada in California
by 1850s. Gold miners developed the construction technique of dumped rockfill dams
in order to provide cooling water for their drilling equipment. In early times, these
dumped rockfill dams had been waterproofed by wooden upstream facings, which
were by time replaced by concrete facing (ICOLD, 1989). The first dam which can be
considered as a CFRD is Chatsworth Dam which was constructed in California in
1895.

The second development period of CFRD is named as the transition period (ICOLD,
2005). During this period, a number of problems were faced by the engineers. Three
most observed problems during that era were the excessive settlement of the relatively
high CFRDs, insufficient compaction, and serious seepage from the concrete face slab
and plinth. New Exchequer Dam in California completed in 1965 is accepted as the
last example of the CFRDs constructed during the transition period (Ergeneman,
2012).

The modern era of the CFRDs was initiated with the advancement of vibratory roller
compactors. Better compaction with more efficient controlling of water content of the



fill material leaded to an obvious increase in dam performance. The developments in
compaction techniques and the zoning of CFRDs have greatly reduced the settlements
of dam body and thus helped to the concrete face slab to stay intact and prevented

water seepage.

As a summary, starting from the wooden-face dumped rockfill dams built during the
California Gold Rush, development and application of CFRDs was limited up to
1960’s (Cooke, 1984). This was due to the limitation of machinery and materials.
Starting from 1970’s many CFRDs have been designed and constructed (Sherard and
Cooke, 1987) due to the economic and technical advantages. The development of
material, construction techniques and software analysis possibilities accelerated.
Shuibuya Dam in China, passed the 200 m limit and is the highest concrete faced
rockfill dam in the world with 233 m height (Ozkuzukiran, 2005).

2.3 Characteristics of CFRDs

In design-wise approach, CFRDs do not require any specific site and foundation
conditions different from the impervious core rockfill dams (Sherard and Cooke,
1987). However, some components of CFRDs are exclusive to this type of dams and

provide both watertightness and stability.

2.3.1 Plinth

A plinth is an important part of a CFRD, located below the upstream concrete facing
and foundation. It acts as a transition between the upstream face slab and the
foundation which houses some filter materials. Its main role is to prevent foundation
level seepage. Copper and rubber waterstops provide the watertightness and continue
to provide it up to a predefined level of differential movement of plinth and concrete
slab (Korkmaz, 2009). A plinth is also anchored to the foundation rock by the grouting



application. The grouting does not only fix the base of plinth to the ground, but also

reduces the seepage beneath it. A typical plinth application is shown in Figure 2.2.

I Rock surface 5 PVC waterstop
2 Reinforced concrete 6 Copper waterstop
3 Face sealing 7 Plinth line

4 Grouting holes

Figure 2.2 A typical plinth cross-section (ICOLD, 2005)

The dimensioning of the plinth has a significant effect on the stability. If the plinth has
excessive height, a number of problems might be observed, such as loss of stability
under full reservoir loads. ICOLD (1989) recommends to conduct sliding and
overturning analyses. As a general rule of thumb, high plinths should be avoided in
order to reduce the chance of seepage due to the excessive movements observed at
plinth. The thickness of the plinth can be determined from Ergeneman (2012):

T = 0.3 + 0.003H, (2.1)

where, T is the thickness of the plinth in meters and the Ht is the height of the dam

from thalweg in meters.



2.3.2 Face Slab

The face slab is the primary element of the CFRDs. It provides watertightness by
blocking the water to seep through the dam body. Since no other element is placed
inside the dam body, the design of the face slab requires great attention. Face slab can
be considered as reinforced concrete plate which is supported by the fill material and
is normally under compression (ICOLD, 2005). In Figure 2.3, construction of the

upstream concrete face slab of Shuibuya Dam is presented.

Figure 2.3 Concrete face slab of Shuibuya Dam (Materon, 2013)

Although face slabs are considered under compression, the settlement of the dam body
might create moment because of the loss of the support of the fill material. In order to
reduce the effect of this problem, face slabs are reinforced. Face slabs are constructed
in predetermined panel widths in order to reduce the effect of shrinkage during
construction (ICOLD, 2005). In general, panel widths are chosen between 12 m and
18 m. Two successive face slab panels are equipped with waterstops in order to ensure
the watertightness. Horizontal and vertical waterstops of the face slab of Kavsak Bendi
Dam are presented in Figure 2.4.

10



Figure 2.4 Close-up view of the face slab of Kavsak Bendi Dam

The cracks on the face slab can be divided into three categories as cracks caused by
the shrinkage of the concrete (Type-A), cracks caused by the settlement of the
supporting fill material (Type-B), and cracks caused by the differential settlement of
the dam body (Type-C) (Mori, 1999).

The Type-C cracks are the most common type of cracks. According to Marulanda and
Pinto (2000), these cracks are related with the unexpected deformation of the fill body.
The Type-C cracks of the face slab of Xingo Dam were as wide as 15 mm and located
to the close vicinity of the left abutment (Souza et al., 1999). Those cracks were then
filled with fine silt and sand (ICOLD, 2005). The cause of Type-C face slab cracking
at Ita Dam was the use of less dense supporting material at distances away from the
perimeter joint (Pinto, 2001).

11



Although small cracks can be filled by fine silt, sand, or fly ash, the cracks which are
wider than 30 mm requires a different solution. Wu et al. (2000) recommends to treat

wider cracks with a fly ash and a grouting mixture of cement and sand.

The concrete mix design of the face slab requires great attention. The concrete mix
should be durable throughout the lifetime of the structure and help to minimize the
shrinkage during curing period (ICOLD, 2005). Limiting the water content of the
concrete mix will help to obtain a durable concrete (Jiang and Zhao, 2000). Durability
of the concrete against freezing and thawing can be achieved by air entrainment. Jiang

and Zhao (2000) recommends that the entrained air should be between 4 and 7 percent.

2.3.3 Perimeter Joints

Perimeter joints are the main joints which are placed between the face slab and the
plinth. The function of the perimeter joint is to allow the relative movements between
the face slab and the plinth to some degree while maintaining the watertightness under

various loading cases and reservoir water levels (ICOLD, 2005).

A perimeter joint consists of a number of elastic seals and filler materials to support
the seals. A detailed cross-section of the perimeter joint of Salvajina Dam is presented

in Figure 2.2.
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(1] Hypalon band o Styrofoam filler

@ Mastic filler 0 Sand-asphalt mixture

0 Compressible wood filler 0 Filter zone

o PVC waterstop @ Steel reinforcement

9 Copper waterstop ﬂ) Anti-spalling reinforcement
0 Neoprene cylinder

Figure 2.5 Perimeter joint detail of Salvajina Dam (ICOLD, 1989)

The development of the perimeter joints of CFRDs were started with Cethana Dam
(Australia). The perimeter joint of Cethana Dam was designed with two subsequent
waterstops. After five years of operation, the leakage reduced to 10 litres per second
(Pinto and Mori, 1988). The attempts of reducing the waterstops of perimeter joints
from two to one led to a drastic increase in the leakage rates of Alto Anchicaya Dam.
In order to cope with this problem, mastic joint sealant was applied to the Alto
Anchicaya Dam (ICOLD, 2005). Lessons learned from Alto Anchicaya Dam led to the

development of three-layer perimeter joints.
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2.3.4 Body Zoning

The body fill of a CFRD comprises many zones. Some of these zones act as a filter
and bumper material between face slab, whereas the others support the load (ICOLD,

2005). General zoning and the material types of the zones are provided in Figure 2.6.

Location depends on

height of dam, rock

. quality, and rockfill
N, grading

Large rocks
(riprap)

Bedrock (imper\//ious)
1A: Cohesionless fine-grained soil 3A: Selected rockfill (max. 0.4 m)
1B: Random fill (silt, sand, gravel, etc.) 3B: Quarry rockfill (max. 1 m)
2A: Perimeter zone filter (not shown)
2B: Face slab support layer (sand and
gravel)

3C: Quarry rockfill (max. 2 m)

Figure 2.6 CFRD Zoning (ICOLD, 1994)

The 1A zone consists of fine sand, cohesionless silt, or fly-ash and the maximum
particle size in this zone is 150 mm. The purpose of the 1A zone is to wash through
the possible cracking on the face slab and clog the filter materials beneath the face
slab. The 1B zone protects the 1A zone and is made of random fill of silt, sand, and

gravel.

The 2A and 2B zones are also called as protective zones. The 2A zone acts as a filter

for 1A zone material if any problem arises at perimeter zones. The 2B zone thickness

14



is between 2 to 4 m and supports the face slab with a low permeability. The 2B zone
should be protected with utmost care during construction either by shotcrete

application or concrete curbs (ICOLD, 2005).

The 3A zone is a transition zone which prevents the 2B zone to be washed away to 3B
zone material. Zones 3B and 3C are the main rockfill zones of the dam body, whereas
3D zone is also called the riprap zone which protects the downstream face of the dam

from environmental erosion.

Zones at the mid-axis of Kiirtiin Dam and Nam Ngum 2 Dam are presented in Figure
2.7 and Figure 2.8, respectively. It can be noticed that these material zones and grading
changes in different dams, because the CFRD designs are mainly empirical and rely

on the past experiences and expert judgements.
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2.4 CFRD Design Principles

Design of CFRDs comprises a number of essential analyses (ICOLD, 2005), such as:
e Static stability analysis
e Dynamic stability analysis
e Prediction of the settlement and the face slab deformation

e Prediction of the leakage.

Static stability analysis starts with the determination of the properties of the fill
materials available in close vicinity. Since a dam construction requires vast amount of
material, most of the time it would not be feasible to transport the fill material with
desired properties. In the light of the material properties, the designer can, therefore,
conduct slope stability analysis and determine the dimensions of the dam body and the

side slopes.

Dynamic analysis would provide the anticipated behaviour of the dam during an
earthquake and should be conducted if the dam site is susceptible to high seismicity.
Although the rockfill dams are generally considered as safe structures against
earthquakes, dynamic analysis provides an estimate of a possible crest settlement of
the dam under the loading of a severe earthquake. According to ICOLD (2005),
CFRDs should be designed by defensive design concept which dictates a sufficient
freeboard to compensate a possible crest settlement after an earthquake. A number of
widely used methods can be used to determine the crest settlement, such as Makdisi
and Seed Method (Makdisi and Seed, 1977) and Bureau’s Method (Bureau, 1997).

Settlements immediately after the construction lead to a decrease in freeboard which

might increase the risk of overtopping. Settlements can be simply predicted with the
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modulus of the elasticity of the rockfill material. However, the rockfill material is not
perfectly elastic and Mohr-Coulomb material models might not work well. Some
empirical approaches, such as the decision support system of Pinto and Marques
(1998) can be used to predict the face slab deformation easily. However, with the
advancement in finite element method and increased computing power, complex

models, such as hardening soil models would provide more successful results.

Leakage performance of a CFRD is considered as the key parameter in determination
of the success of the design. Although the leakage can be estimated with usual flow
through porous medium concept, more detailed methods also take the effect of the
discontinuities within the foundation and the dam body into account (Giesecke et al.,
1991).

As a summary, CFRD design comprises of modelling of a vast number of variables.
Before the advancement of computer-assisted design and analyses, some expert
systems were developed by researchers. As a result of this, the CFRD designs were
dependent on the expert opinions and judgements. The designs were developed with
the lessons learned from the past experiences. However, the rapid rise of the computing
power in the last few decades helped designers to introduce the effect of more variables

to the problem.

Although the design procedures have evolved with the powerful computers and
advanced software packages, the performance of the contemporary design applications
still needs to be verified. With the advancement in technology, extremely sensitive and
accurate sensors are available nowadays. These sensors not only validate the design,
but also provide essential support for structural health monitoring. The next chapter
gives detailed information about the purpose and the types of the sensors which are

now accepted as vital for monitoring of the CFRDs.
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CHAPTER 3

MONITORING SYSTEMS OF CONCRETE FACED ROCKFILL
DAMS

3.1 Items to be Monitored at CFRDs

3.1.1 Introductory Remarks

CFRDs are prone to overtopping, sliding, seepage induced failures, excessive
settlement, and slab cracking. Therefore, it is possible to assess life-long behaviour of
CFRDs with the proper instrumentation system which is designed to capture, log, and

process the vital structural health indicators of the dam.

3.1.2 Seepage

CFRDs are seepage-critical structures. In design phase, the upstream concrete facing
is assumed to be fully watertight during the lifetime of the structure. However, even a
small settlement or movement could lead to crack formation or joint openings on the
upstream facing. With the absence of an impervious core, the seepage rate would then

increase rapidly.

Anthiniac et al. (2002) state that every CFRD experiences some degree of leakage and
the general trend among dam owners is to accept that increased leakage. It is also stated
that this inevitable leakage would not cause a major safety concern because of the
leakage-proof nature of the design and the materials. However, ICOLD (2005) stresses
out that if a CFRD is built according to the state-of-the-art methods and meticulous

workmanship, the leakage rates may be as low as 1 It/sec.
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The change in the hydrostatic water pressure within the dam body can provide
information about the possible leakage from the face slab or perimeter joint. So it is
beneficial to measure the hydrostatic water pressure within the dam body and at the

foundation of the dam.

Measurement of the rate and the turbidity of the seepage flow will also provide
valuable information about the change of the leakage with respect to reservoir level.
Turbidity measurement would provide clues about the location of the initiation of the

leakage.

3.1.3 Settlement, Deformation, and Movement

Overtopping is a general weak point of embankment dams. CFRDs have a sound
upstream facing but the downstream slope is generally unprotected as other types of
embankment dams. Settlement of the dam body is one of the causes of overtopping,
which may lead to a reduction in the freeboard (FERC, 1999).

Saturation of either foundation or embankment body will result in excessive
settlement, which further impacts the concrete facing. Since upstream concrete face
slab is an important integral part of the CFRDs, the condition of the face slab should

be monitored periodically by means of joint opening and alignment monitoring.

Deformation of the structural elements provides vital information about the behaviour
of the dam. Monitoring of the deformation also provides information about the internal
stress changes within the dam body. Overall geometry changes which are measured
from the outside of the dam would provide evidence about the differential movement

of the dam foundation.
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3.2 Types of Sensors

The basic instrumentation concept of CFRDs with the instruments and their purposes

are summarized in Table 3.1.

Table 3.1 Instruments of CFRD (Moll and Straubhaar, 2011)

Instrument Measured Parameter

3D Joint Meters

Movement of concrete face slab joints and

perimeter joint

2D Joint Meters
1D Joint Meters

Movement of concrete face slab joints

Movement of concrete face slab joints

Inclinometers and Deflection of concrete face slab

Tiltmeters

Rebar Strain Gauges Strain in concrete face slab

Concrete Strain Gauges | Strain in concrete face slab

No-Stress Strain Gauges | Reference strain in concrete

Embankment Transverse movement of the dam body

Extensometers

Settlement Cells Settlement of the dam body

Surface Monuments Movement of the surface

Strong Motion Earthquake acceleration

Accelerometers

Total Pressure Cells

Total pressure at dam body and foundation

Piezometers

Water pressure in dam / dam foundation

and seepage

Seepage Measuring Weir

Seepage through the dam body and

abutments
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3.2.1 Total Pressure Cells

Total pressure cells have been used in dams since late 1950s and were appreciated in
terms of their reliability over five years and consistent performance by Thomas and
Ward (1969). Total pressure cells measure the changes of direct (effective) pressure
acting over them. They are made of two steel plates firmly fixed each other from the
edges to form a pad and is filled with an incompressible fluid (Ar1, 2008). One end of
the total pressure cell is equipped with a pressure transducer which measures the
change in the pressure acting on the cell, and thus the oil. Some pressure cells are also
equipped with thermistors for the determination of temperature in close vicinity of the

sSensor.

Figure 3.1 Standard type total pressure cell (Geokon, 2016-a)

Total pressure cells can be located to any place within dam body and foundation where
the stress variations are of interest (Szostak-Chrzanowski and Massiéra, 2006). Their
design varies according to the material types of which they are intended to stay in
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contact. Standard total pressure cells are used for the measurement of the pressure
within embankments (Figure 3.1). Pressure cells with a rigid back side are named as
contact type total pressure cells and they are used to measure the pressure at the contact
area of concrete (Figure 3.2).

Figure 3.2 Contact type total pressure cell (Geokon, 2016-b)

3.2.2 Strain Meters

Strain meters are used to monitor the strain in one degree; although they can be
mounted in a group for measuring the strains in more than one axis. They can be used
to monitor the behaviour of the stress changes as well. Strain meters are used to
monitor the stress and strain on the reinforcement bars used in the face slab (Yanmaz
and Ar1, 2008).
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Embedment strain meters are embedded into a freshly poured concrete of piles,
columns, beams, or face slabs in CFRDs. They measure the strain changes within the

concrete. A typical embedment strain meter is presented in Figure 3.3.

Figure 3.3 Embedment strain meter (Geosense, 2013)

Strain meters are also used for determination of the strain on the reinforcement bars or
steel elements. Weldable surface-mount strain meters are suitable for monitoring the
steel structural elements, whereas the spot weldable strain meters are used to measure
the strain on the reinforcement bars. Typical surface-mount and spot weldable strain

meters are presented in Figure 3.4 and Figure 3.5, respectively.
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Figure 3.4 Weldable surface-mount strain meter (Slope Indicator, 2013)

Figure 3.5 Spot weldable strain meter (RST Instruments, 2015)

3.2.3 Settlement Cells

Settlement cells are very useful during the construction phase of the dam. They also
play an important role during initial filling of the reservoir, since most of settlements

are observed at the initial filling of the dams. Settlement cells are also used for
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monitoring the vertical movements of the dam body and foundations throughout the
lifetime of the structure. During the design of all dams, some settlement is anticipated
by the designer by means of either computer-assisted analyses or empirical
formulation. Settlement cells are very helpful for verification of the design methods
and parameters just after the completion of the dam. A typical vibrating wire settlement

cell is presented in Figure 3.6.

Figure 3.6 Vibrating wire settlement cell (Soil instruments, 2014)

Settlement cells can either be hydraulic or electronic (vibrating-wire). The vertical
movement within the dam body changes the location of the settlement cell. This
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change is then measured by the settlement cell by measurement of the hydrostatic

pressure in the chamber of the instrument.

3.2.4 Joint Meters

As mentioned before, face slab of a CFRD consists of many individual panels. All
panels are mounted to each other; however, these mountings should allow relative
movements to some extent. In order to monitor the opening or closing movement of
the joints, joint meters are used. A typical one-dimensional joint meter is presented in

Figure 3.7.

Figure 3.7 Joint meter (Sisgeo, 2016)

Joint meters can be one, two, or three dimensional. Generally, one or two dimensional
joint meters are used to monitor the relative displacement of the individual panels,

whereas three dimensional joint meters are preferred to monitor the perimeter joints.
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3.2.5 Inclinometer

Inclinometers are employed in CFRDs in order to measure the deformation of the face
slab. Inclinometers are basically composed of rugged steel or PVC pipes firmly
mounted onto the face slab. The pipes have special grooves for driving the measuring
probe inside it (Figure 3.8).

Figure 3.8 Inclinometer casing (Roctest, 2016-a)

Just after construction of the face slab and before initial filling, it can be said that the
face slab is perfectly flat and there is no deviation on the inclinometer casing. After
loading of the face slab, inclinometer casing also deforms with face slab, hence it is
firmly mounted. The measuring probes are very sensitive and can record the slightest
irregularity while moving inside the inclinometer tubing (see Figure 3.9).
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Figure 3.9 Inclinometer probe (Roctest, 2016-b)

3.2.6 Piezometers and Weirs

Piezometers are mainly employed to measure the pore water pressure. There are
several different types of piezometers from early standpipes to vibrating-wire
piezometers which are as small as a fountain pen. They are accurate and simple way

to measure the pore water pressure if the correct filter tips are used and installed

properly.

In CFRDs, piezometers are mainly placed at foundation level but can also be installed
within the dam body. ICOLD (2005) states that the use of piezometers is optional
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unless the embankment fill comprises a non-drained material. A number of

piezometers for different applications are presented in Figure 3.10.

Figure 3.10 Vibrating wire piezometers (Telemac, 2016)

Weirs are used to measure the rate of the seepage from the face slab and perimeter
joint through the dam body. They can be placed where the seepage measurement
requires a critical importance. Turbidity measuring sensors are also very beneficial for
determining the exact location of the initiation of the leakage. A v-notch weir with its

sensor is presented in Figure 3.11.
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Figure 3.11 V-Notch weir and vibrating wire sensor (itmsoil, 2013)

3.3 Monitoring System Layouts of Existing Dams

Current practices formed by expert judgements have been studied in order to form a
basis for the algorithm to be generated as a result of this study. That is why the
evaluation of the instrumentation configuration of some existing dams may provide
useful information. The instrumentation layout of maximum cross-sections of various

CFRDs throughout the world are presented in the following figures.
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3.4 Analysis of the Trends of Existing Configurations

A number of existing CFRDs were analysed according to their number of horizontal
layers where sensors are placed, M, and total number of sensors, Nr, to search a
possible relationship between the dam height, Hr, and M and Nrt. The analysed data are

presented in Table 3.2.

Table 3.2 Instrumentation configurations of some CFRDs

Dam Hs (m) M NT
Bastyan 75 3 4
Berg River 67 3 12
Kiirtiin 133 4 21
La Yesca 220 4 45
Lower Pieman 122 4 5
Mackintosh 75 3 6
Murchison 94 3 4
Shuibuya 233 5 38
Tanyeri 103.5 3 22
Tianshenggiau-I 176 4 16
Tullabardine 26 3 4
Xingo 140 3 12
Zipingpu 156 4 30

Linear regression analyses were conducted for the aforementioned relationship with

R2 values of 0.70 for the following equations:

M = 0.009H, + 2.408 (3.1)

Ny = 0.189H; — 6.722 (3.2)

where Hs is in meters.

49



It should be noted that the above relationships give only a preliminary information and
lack to provide information about the number of sensors on each layer and the locations

of sensors within the dam cross-section.

3.5 Concluding Remarks

Lifetime monitoring of a CFRD will provide essential data for assessing the dam
behaviour and allow sufficient time for remedial actions to be taken before the
occurrence of any unwanted incident. Monitoring is also vital for the verification of
the design and development of the future designs as the current practices mainly

depend on the empirical approaches and expert judgements (Yanmaz and Ari, 2011).

As explained before in detail, CFRDs are prone to overtopping and seepage induced
failures. These failure modes in fact are related with the unexpected movement and
excessive settlement of the dam body. Settlement may lead to the decrease of freeboard
which increases the risk of overtopping and cracking of the face slab causing leakage
problems. That is why the scope of this study is to develop a decision support system

for optimal design of stress monitoring system.

In the following section, the developmental stages of an algorithm for positioning the
total pressure cells is considered. Pore water pressure and uplift measuring sensors are
omitted from the decision support system because in most of the designs, face slabs
are considered as completely impermeable. Because of the zero uplift forces within
the completely dry fill material, effective stresses are equal to the total stresses. From
this fact, it is believed that an abrupt change in the effective stress readings from more
than one sensor could provide information about a possible leakage problem from the
impervious upstream face slab. Therefore, giving priority to the use of total pressure

cells is reasonable.
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The deformations and the movement of the face slab and individual panels can be
monitored with inclinometers, tiltmeters and crack meters. However, the detailed
analyses and the possible optimal instrumentation scheme of the face slab is out of
scope of this study. In the light of the facts stated above, an algorithm is proposed for

optimal layout of stress measuring sensors in the Chapter 4.
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CHAPTER 4

DEVELOPMENT OF OPTIMIZATION ALGORITHM

4.1 Scope and Expected Benefits of the Study

The scope of this study is to find the optimal configuration of the internal stress
monitoring system of a CFRD. The algorithm will provide the required number of
sensors and the location of the layers to be equipped with these sensors within a CFRD
cross-section. It will also give information about the number and the location of the

stress measuring sensors.

In order to achieve the desired scope of the study, the proposed algorithm uses the
quality of the information by measuring the difference between the true stress
distribution obtained via software used and the measured stress distribution. It also
takes into account the cost of the proposed monitoring system configuration by

considering both the cost of the sensor and the cost of the sensor cable.

The expected benefit of this algorithm is to provide the designers a tool which can be
used fast and effortlessly to obtain a configuration for the stress monitoring system of
a CFRD. It is believed that this configuration would provide adequate long-time
information for both realistic assessment of dam behaviour and verification of
structural models. It is obvious that every project in water resources engineering is
unique; thus the monitoring requirement may vary from case to case. However, the
user would get an initial idea about the instrumentation configuration and then modify

it according to the local characteristics and requirements of the project.
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4.2 PLAXIS

Effective stress distribution throughout the dam body under a particular loading
condition can be determined from a software. To this end, PLAXIS (Brinkgreve and
Broere, 2008) was used.

4.2.1 Brief History of PLAXIS

PLAXIS development was started in 1987 by the Technical University of Delft with
the help of the Dutch Department of Public Works and Water Management
(Brinkgreve and Broere, 2008). The main objective was to form a user-friendly code
to solve 2D finite element problems. In 1993, PLAXIS b.v was founded in order to
satisfy the growing requirements of business (Brinkgreve and Broere, 2008). The
development of PLAXIS continued steadily by covering most of the areas of

geotechnical engineering and even 3D finite element codes are released.

4.2.2 Basics of PLAXIS

PLAXIS 2D is a widely used geotechnical engineering tool, which includes PLAXIS
Dynamics and PLAXIS PlaxFlow. PLAXIS 2D is a finite element analysis package
aimed to analyse various geotechnical applications. With the help of the advanced
models, PLAXIS 2D package can solve the non-linear, anisotropic, and time-
dependent behaviour of soil (Brinkgreve et.al, 2010).

The main features of PLAXIS are as follows (Brinkgreve et.al, 2010):
o Different structural elements (anchors, plates, and geogrids)
e Elasto-plastic behaviour for structural elements

e Unlimited combination of forces (point loads and distributed loads)

54



e Automatic identification of soil layers

e Automatic finite element mesh generation with updated mesh (Lagrange)

analyses
e Consolidation and groundwater analyses

o Safety factor analysis

The Basic soil models used in PLAXIS are as follows:
e Linear Elastic

e Mohr-Coulomb

More realistic and advanced soil models are also employed in PLAXIS:
e Compression and shear hardening (Hardening soil model)
e Creep behaviour
e Cam-Clay Model

e User-defined models

In early times, rockfill is simply modelled as a linear elastic material. However, this is
not a realistic approach because rockfill behaviour is highly non-linear. Duncan and
Chang (1970) developed a hyperbolic model for rockfill and is updated by Kulhawy
and Duncan (1972). This model, however, does not include plastic behaviour of
rockfill. In order to take the plastic behaviour of rockfill into account, hardening soil
model (compression and shear hardening) was developed on the basis of hyperbolic
approach of Duncan and Chang (1970). The most important difference is that this
model uses theory of plasticity rather than theory of elasticity. That is why PLAXIS is
generally used for modelling of CFRDs (Ozkuzukiran, 2005).
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PLAXIS Dynamics module is used to analyse the effects of seismic loading and the
vibrations of the nearby construction activities. With the help of dynamic simulations,

the effects of wave propagation in soil media can be estimated (Brinkgreve et.al, 2010).

The features of PLAXIS Dynamics module are as follows (Brinkgreve et.al, 2010):
e Absorbent boundaries
e Wave velocities
e Dynamic loading inputs from
e Harmonic loads
e Real earthquake data
e User-defined loading
e Solution in a predefined time domain
e Automatic time stepping
e Displacements
e Velocities
e Time curves

e Spectra

PLAXIS PlaxFlow module is specifically designed to analyse the time-dependent
groundwater flow. It is obvious that groundwater flow also has an indispensable effect
on the possible deformations of the saturated and partially saturated soils. With the
help of this module, time-dependent effects of flow and pore water pressures are also
taken into account during simulations of deformations. These time-dependent analyses

are based on Biot’s theory of consolidation (Brinkgreve et.al, 2010).
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The main features of PLAXIS PlaxFlow module are as follows (Brinkgreve et.al,
2010):

e Modelling with screens, wells and drains

o Different boundary conditions (time-dependent, linear, harmonic, and user-
defined)

e Prescribed heads

e Inclusion of inflow and outflow

e Inclusion of precipitation and evaporation

o Different models for soil (linear and VVan Genuchten)
e Anisotropic flow conditions

e Automatic time stepping

e Combining results with deformation analyses.

4.2.3 Modelling with PLAXIS

4.2.3.1 General Modelling Features

Points: They are the beginnings and ends of the lines and also used for locating
structural elements and forces (Brinkgreve and Broere, 2008).

Lines: They are used to define the geometry, boundaries, soil discontinuities,

structures, and constructional stages (Brinkgreve and Broere, 2008).

Clusters: They are the areas formed by closed set of lines. The code forms it
automatically and assumes the soil properties in a cluster to be uniform (Brinkgreve
and Broere, 2008).

Elements: Before calculations, PLAXIS should form the finite element mesh and form

triangular elements. These triangles can be divided into 15-node elements or 6-node
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elements. The former provides accuracy in calculations, whereas the latter is useful for

quick computing (Brinkgreve and Broere, 2008).

Nodes: In finite element analysis, displacements in 2D are calculated for all nodes

(Brinkgreve and Broere, 2008).

Stress Points: 15-node triangular elements consist of 12 stress points and 6-node
triangular elements consist of 3 stress points (Brinkgreve and Broere, 2008). The nodes

and stress points are shown in Figure 4.1.

-
L] .- | 8
| ! o e
* - i I". (a) L % .
" - - s 4 X
— . . * X x =
nodes stress points
- -
] L 3 (b:] s

Figure 4.1 Nodes and stress points for (a) 15-node (b) 6-node triangular elements
(Brinkgreve and Broere, 2008)

4.2.3.2 Input Procedure

In PLAXIS four types of inputs are available to user (Brinkgreve and Broere, 2008):
e Geometry objects
e Text
e Values

e Selections
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In Figure 4.2 and Figure 4.3, the main input window and toolbars of PLAXIS are

shown, respectively.

* Plaxie 2D Inpul - =MoMame =
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| ket L

Figure 4.2 Main input window (Brinkgreve and Broere, 2008)
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Figure 4.3 Input window toolbar (Brinkgreve and Broere, 2008)
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4.2.3.3 Calculations Module

After entering the input data (geometry, loads, etc.), the user forms the mesh and saves

the input file. The calculate button in toolbar closes the input window and opens the

calculations window of PLAXIS. It is used to define and execute the calculation phases

(Brinkgreve and Broere, 2008). Typical view of calculations window is shown in

Figure 4.4.

3 Plaxit 70 Calculations - Lesson 1.PLX

Bl £t ew Csodse Hep
BE L =& & "I e
Geresall | Barartors. | Miiphers. | Preview
Pruris Caloulation bype
Mumber | I 1 Plarstic arvabeits =
Start From phase 0 - Ikl phasss =] fvarced
Lo mfo Comiments
Par el 6 ]

-~ NP | BJ 1nsert | T Dolste.,, |
| thredeater: | Phams no, | St from | Cakudabon | Loadng input [ Tire Iwiokor | Pwst | Lot |
Y s i b i (Y o, iy i [ ]

- P | 1 ] Mastic arabess Sragad coratnaction 0,00 diry ]

Figure 4.4 Calculations window (Brinkgreve and Broere, 2008)

There are several tabs provided for defining the calculation phase. These can be

loading, construction, excavation, or consolidation phases (Brinkgreve and Broere,

2008).
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4.2.3.4 Viewing Results

Upon completion of the calculations, one can get the results of the analyses in the
output window. In the output window, the user can get the resultant displacements and
stresses in the full geometry or in a desired cross-section and in structural elements
(Brinkgreve and Broere, 2008).

A view of a deformed mesh in output windows is presented in Figure 4.5.
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Figure 4.5 Deformed mesh (Brinkgreve and Broere, 2008)
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4.3 Assumptions of the Study

The following assumptions are accepted throughout this study unless otherwise stated:

Vi.

Dam body is assumed as homogeneous fill, which is characteristic composition

of such dams.

Reservoir level is full, upstream slab is intact and impervious (no cracks
initially)

The CRFD cross-sections are symmetrical having side slopes of 1V:1.5H on

upstream and downstream faces.

9 cross-sections were analysed, starting from 40 m up to 200 m-high from

thalweg and increasing with 20 m increments.

The width of the crest of the CFRD cross-sections are constant and 15 m for

all heights.

The relation between the dam height measured from thalweg (Ht) versus the
height from foundation (Hr) was obtained with reference to the geometric
characteristics of various existing rockfill dams in Turkey (provided in
Appendix B) and formulated as (R?=0.9484):

Hy = 1.16H, (4.1)

where Hr and Ht are in meters.

Vii.

viil.

The rockfill was modelled with hardening soil model in PLAXIS. The material
type was defined as “drained” with an equal unsaturated and saturated specific
weight of 27.79 kN/m® and with a reference cohesion value of
1.00 KN/m2,

Stiffness parameters of PLAXIS hardening soil model are provided in Figure
4.6.

The impervious upstream slab was modelled as “elastic plate” with the

properties presented in Figure 4.7.

62



Hardening soil moc_?i—__

General Parameters |Interfa::es|

—Stiffness —Strength

X 1. 250E+05 kijm? Cof: [1.000 khjm?

e 1.250E+05 khjm? ofh): [5.000 °
ref 2
=l 3.750E+05 kNjm wips): |10-000 o

power (m) : |0.300

L

—Alternatives
[~ Use alternatives

C,: 0.0028
C,: 0.0008

it ¢ 0.5000

Advanced. .. |

ext | Ok | Cancel I Help |

|

.

Figure 4.6 Hardening soil model parameters
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Figure 4.7 Parameters for impervious upstream slab
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X.  The loading case includes self-weight of the dam and the hydrostatic forces
resulted from a reservoir at maximum operating level. The maximum water
level is assumed to be 5 m below the dam crest elevation. The loads not
considered herein were discussed in sensitivity analysis section (Section 4.7).

xi.  Sensors are placed on a layer symmetrically with equal distances between
them.

4.4 Vertical Projection of Sensors

4.4.1 Introductory Remarks

Study of vertical projection of the effective stress distribution at the mid-axis of the
dam body provides a mean for determining the number of horizontal layers to be
equipped with sensors within the dam body. The readings obtained from the sensors
will be useful for determining the horizontal pressure and deformation on a vertical

projection.

Three different approaches were considered in the developmental stage of the
algorithm. Figure 4.8 represents the sectional details of the effective stress
distributions. The cross-section “a-a” is used for determining the number of layers for
instrumentation, whereas the cross-section “b-b” is utilized for obtaining the number
of sensors at a particular layer. In this figure, P; and P, stand for effective horizontal

and vertical force, respectively.
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Figure 4.8 Sectional details of the effective stress distributions

4.4.2 Effective Stress Variation on a Vertical Plane

Variation of the effective stress acting on section a-a (Figure 4.8) with respect to
varying dam height was modelled and generalized by the regression analysis. Effective
stress values were obtained from PLAXIS and provided in Appendix C. Dimensionless
parameters are formed and the relation between the effective pressure variations for

different dam heights were defined as following:

y)_on
/ (Hf> ~YB (*+2)
where;
y : height from the foundation level of the dam (Figure 4.8),

Hs : height of the dam from foundation (Figure 4.8),

Y : specific weight of water,
B : base width of the dam (Figure 4.8), and
ap, - horizontal effective stress obtained from PLAXIS.
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Base width of the dam is computed by considering the 1V:1.5H symmetric side slopes

and 15 m width of dam crest:
B = 3H, + 15 (4.3)

where Ht and B are in meters.

The results of the effective stress distributions on section a-a gathered from PLAXIS
were analysed for obtaining a dimensionless relationship (Figure 4.9 and Table 4.1).
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°
01 /

-0.3

o', /yB
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-0.6
y /' Hg

Figure 4.9 Graphical representation of dimensionless function
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Dimensionless representation of the effective stress distribution of the dam along

section (a-a) having H: ranging from 40 m to 200 m can be expressed by (R?=0.9996):

O _ N _ (1)2 (1)_
VB = 0.13 <Ht> 0.34 H, + 0.65 H, 0.52 (4.4)

where;

Ht - height of dam from thalweg.

The horizontal projected force, Py, were computed analytically from distribution of
the horizontal effective stresses, a;,. The results are presented in Table 4.2, and in

Figure 4.10 for the aforementioned dam heights.

Table 4.2 Projected horizontal effective forces versus Ht

He(m) | P (KN/m)

40 14688.28
60 31717.55
80 55307.06

100 84999.08

120 120132.75
140 162415.60
160 211269.55
180 266184.17
200 326790.43
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H, (m)

Figure 4.10 Projected horizontal effective forces versus Ht

The areas under the pressure distribution curves were computed for the

aforementioned dam heights to obtain the projected force, P;,, with R?=0.9999:
P, = 7.86H,* + 64.34H, — 379.63 (4.5)

where Ht is in meters and Py, is in kN/m

4.4.3 The First Approach

Sensor outputs are used to estimate the true horizontal effective stress distribution as
accurate as possible. The sensors are located symmetrically inside the dam body and
provide information about the point loads at various points on the cross-section.
However, no sensors would provide data about the end points (top and bottom points)
of the cross-section. Horizontal pressure on the crest of the dam can be taken as zero.
The stress distribution curves between sensors are assumed to be linear. In this

approach, the stress distribution below the lowest sensor is assumed as continuous with
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the same slope before the lowest sensor till the base of the dam cross-section (See
Figure 4.11 and Figure 4.12).

1-Layer Formulation

o1 |Y1

Figure 4.11 Stress distribution modelling with 1 layer

The areas under the effective stress distribution are obtained using the following
formulation:

o, og o H
=— Op = ———~ (4.6)
(He=y1)  Hy " (H =)
opH
P! = Bz ! (4.7)
oiHf
(=T 4.8
1 Z(Hf _ y1) ( )
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2-Layer Formulation

Y,
(o} ]:yl

Figure 4.12 Stress distribution modelling with 2 layers

!

OB

' Uz’(Hf - Yz) y3 (o] — 03)
Py=—"T""S+0y, + —= (4.9)
2 2 22 2(y, — y1)
3-Layer Formulation
,_03(Hr—y3) (03 + ) (ys = y2) y3 (o] — 03)
P; = + + oy, + ——m= (4.10)
’ 2 2 22T 0, — )
4-Layer Formulation
o 03(Hr =) | (05 +03) (s —y3) | (03 + 03)(y3 = ¥2)
Py = + +
2 2 2
2 ! !
y3 (o] — 03)
‘oY, + = (4.11)
CEIFTCA
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5-Layer Formulation

o _0(Hr —ys) (o34 DO — ) (04 + D08 =)

5 2 2 2
(03 + 03)(y3 — ¥2) y3 (01 — 03)
+ +oyy, + =——= (4.12)
2 2¥2 2(y, —y1)
6-Layer Formulation
;o Ué(Hf - }’6) (0 + 05) (Ve —¥s) (05 +0)(Vs — ¥s)
Py = + +
2 2 2
(04 +03)(Vs—y3) (03+0)(Yz3—Y2) y3 (01 — 03)
+ + + oy, + —-——— 413
2 2 2t 0,y )

4.4.4 The Second Approach

The only difference of the second approach from the first one is that the effective stress
distribution at the last segment is assumed to be constant and the same as the lowest

sensor readout (See Figure 4.13, Figure 4.14, and Figure 4.15).

1-Layer Formulation

Figure 4.13 Stress distribution modelling with 1 layer
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(4.14)

2-Layer Formulation

Figure 4.14 Stress distribution modelling with 2 layers

o,(Hr — o, + oq —
Py = 2( f2 }’2)+( 2 1)2()’2 3’1)+01,y1

P — o3Hr — 03y, + 01y, — 01y1 + 03Y2 — 0304
-
2

+ o1y,

o,Hp + 0y, — 0,1 + 01y;
2

P, =
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o3(Hr — y1) + 01 (v, + y1)

P, = > (4.15)
3-Layer Formulation
Hf
Y3
Y2
b
Figure 4.15 Stress distribution modelling with 3 layers
o3(Hf — o3 + o, — o, + o] —
P = 3( f J’3)+( 3 2) (3 }’2)+( 2 D2 Y1)+0_1,y1

2 2 2

{(Hp —y2) + 05(y3 —y1) + 01 (y, +
P = o3(Hp —y2) + 03(y3 — y1) + 01(y2 + ¥1) (4.16)

2

4-Layer Formulation

Pl = Ui(Hf - y4) n (04 +03) (Vs — y3) + (03 + 03) (Y3 — ¥2)
=
2 2 2

o, + oy -
+( 2 1)2(3’2 Y1) + (olyy)
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pr = Oallr = ¥3) + 030y = y2) + 02(y3 — y1) + 0102 + y1)

4 > (4.17)
5-Layer Formulation
pl — os(Hp — Ly) + 04(ys — y3) + 03(va — ¥2) + 0,(y3 — y1)
=
2
o (y, +
" 1()’22 y1) (4.18)

4.4.5 The Third Approach

This approach assumes that base and crest level horizontal effective stresses are known
and the sensors located between base and crest are used to determine the shape of the
stress distribution. More points provide more accurate representation of the shape of
the stress distribution (See Figure 4.16, Figure 4.17, and Figure 4.18).

1-Layer Formulation

o1 |Y1

Figure 4.16 Stress distribution modelling with 1 layer

, _0gy1 +oiH;

! 5 (4.19)
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2-Layer Formulation

Figure 4.17 Stress distribution modelling with 2 layers

, w(og+ay) (o +0)(y, —y1) oy (Hr — y,)
Pz = 2 + 2 + 2

_ OpYy1+ 01y, — 031 + 0, H

2 > (4.20)
3-Layer Formulation
03
oY y H
3
1. y2
ol @1
Op

Figure 4.18 Stress distribution modelling with 3 layers

78



v, (og + 01) N (o{ + 0)) (¥, — ¥1) N (o3 + 05) (Vs — ¥2) N os(Hr — y3)

P3 = 2 2 2 2

oY1 t 0{y, — 03y1 + 0,Y3 — 03y, + o3H;

P} = .

(4.21)

4.4.6 Evaluation of the Error of Approaches

Errors of the approaches were evaluated by comparing the modelled areas with the
true areas below the effective stress distributions and presented in Table 4.3, Table 4.4,
and Table 4.5.

As it can be observed from these tables, the third approach gives the lowest error. Thus
the third approach was chosen to be employed in the following algorithm development
process. The next part is devoted to the description of the horizontal projection of the

sensors on a layer.

Table 4.3 Percent error of the first approach

H, Number of Layers

(m) 1 2 3 4 5 6
40 8.37 6.38 4.81 4.00 3.53 3.23
60 7.73 5.72 414 3.32 2.85 2.54
80 717 5.14 3.56 2.73 2.26 1.95
100 6.75 4.72 3.13 2.30 1.82 1.51
120 6.43 4.39 2.80 1.96 1.48 1.18
140 6.19 4,14 2.54 1.71 1.22 0.92
160 5.99 3.94 2.34 1.50 1.02 0.71
180 5.83 3.78 217 1.34 0.85 0.54
200 5.70 3.65 2.04 1.20 0.71 0.41
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Table 4.4 Percent error of the second approach

H: Number of Layers

(m) 1 2 3 4 5 6
40 38.04 23.66 17.59 14.34 12.35 11.01
60 37.60 23.12 17.01 13.74 11.73 10.39
80 37.22 22.65 16.50 13.21 11.20 9.84
100 36.94 22.30 16.13 12.82 10.79 9.44
120 36.72 22.04 15.84 12.53 10.49 9.13
140 36.56 21.83 15.62 12.30 10.26 8.89
160 36.42 21.67 15.45 12.11 10.07 8.70
180 36.32 21.54 15.30 11.97 9.92 8.55
200 36.23 21.43 15.19 11.84 9.79 8.42

Table 4.5 Percent error of the third approach

H Number of Layers

(m) 1 2 3 4 5 6
40 154 0.20 0.86 1.19 1.38 1.49
60 2.25 0.51 0.16 0.49 0.68 0.80
80 2.87 111 0.44 0.11 0.08 0.20
100 3.34 1.57 0.90 0.56 0.37 0.25
120 3.69 1.92 1.24 0.91 0.72 0.60
140 3.96 2.18 151 1.17 0.98 0.86
160 4.18 2.40 1.72 1.38 1.19 1.07
180 4.35 2.57 1.89 1.55 1.36 1.24
200 4.50 2.71 2.03 1.69 1.50 1.38

4.5 Horizontal Projection of Sensors

4.5.1 Introductory Remarks

Effective stress distribution of any horizontal layer under the loading case concerned
can be obtained from the finite element analysis package, PLAXIS. Shape of the
effective stress distribution of a symmetric homogeneous CFRD cross-section tends to
be a high-degree polynomial (Figure 4.19).
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Figure 4.19 PLAXIS output showing the effective stress distribution

4.5.2 Modelling of Effective Stress Distribution

The datasets of the effective stress distribution were obtained from the PLAXIS. The
equation of the effective stress distribution at any horizontal layer can be formulated
by:

op(x) =ax® +bx®> +cx*+dx®+tex?+fx+g (4.22)

where a, b, ¢, d, e, f, and g are coefficients obtained from the regression analysis with
R? values ranging from 0.72 to 0.98. The coefficients a, b, ¢, d, e, f, and, g are variable

with different horizontal cross-section heights within one standard cross-section.
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Figure 4.20 represents the arbitrary horizontal cross-sections within a standard CFRD

cross-section. It could be noticed that all parameters of different horizontal cross-

sections are unique.

g < >

Y

A
X m

Figure 4.20 Parameters of generalization

In order to search for a possible relationship between the parameters and coefficients,
8 arbitrary horizontal cross-sections were chosen and analysed. Table 4.6. summarizes

the raw data obtained from PLAXIS for 40 m-high standard cross-section.

The vertical effective stress distribution data of other cross-sections are presented in

Appendix D.
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Table 4.6 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 40-m-

high cross-section

h* = 10.134 m h* = 14.992 m h* = 20.006 m h* = 25.008 m
o, o, o, oy
XM | anmg) | X | awm? | X™ | gavmy | XM | enm?)

35.621 -4.865 42.934 -4.833 50.482 -4.515 58.011 -3.160
35.940 | -11.977 43918 | -23.863 51.658 | -26.264 59.438 | -28.100
35.940 | -12.081 43.918 | -22.995 51.658 | -25.720 59.438 | -28.033
36.797 | -28.633 46.971 | -71.133 55.374 | -76.339 62.917 | -71.228
36.797 | -29.227 46.971 | -71.450 55.374 | -76.334 62.917 | -71.246
39.374 | -71.249 47561 | -78.631 55.971 | -83.899 63.142 | -73.674
39.374 | -71.083 47561 | -78.323 55971 | -83.271 63.142 | -73.767
40.095 | -81.700 51.085 | -120.168 56.140 | -85.445 63.355 | -75.965
40.095 | -82.617 51.085 | -120.071 56.140 | -85.283 63.355 | -76.028
41.232 | -98.190 55.230 | -163.459 56.317 | -87.326 68.043 | -122.307
41.232 | -98.113 55.230 | -163.472 56.317 | -87.304 68.043 | -122.264
44,951 | -141.628 55.637 | -167.603 57.704 | -102.368 71.089 | -149.808
44,951 | -141.638 55.637 | -167.548 57.704 | -102.369 71.089 | -149.829
48.941 | -183.688 56.238 | -173.467 61.773 | -143.732 74.426 | -177.111
48.941 | -183.607 56.238 | -173.447 61.773 | -143.718 74.426 | -177.092
50.640 | -200.474 59.629 | -205.802 62.416 | -149.818 77.044 | -196.884
50.640 | -200.479 59.629 | -205.809 62.416 | -149.848 77.044 | -196.864
52.027 | -214.048 61.055 | -218.951 67.322 | -194.574 80.545 | -220.244
52.027 | -214.057 61.055 | -218.928 67.322 | -194.576 80.545 | -220.258
56.103 | -253.312 63.952 | -245.021 68.896 | -208.011 81.454 | -225.876
56.103 | -253.339 63.952 | -245.012 68.896 | -208.020 81.454 | -225.873
57.048 | -262.316 65.834 | -261.338 70.955 | -224.798 85.361 | -247.221
57.048 | -262.308 65.834 | -261.352 70.955 | -224.814 85.361 | -247.161
59.710 | -287.167 68.267 | -281.785 74579 | -252.841 85.768 | -249.146
59.710 | -287.189 68.267 | -281.778 74.579 | -252.794 85.768 | -249.174
60.488 | -294.346 69.479 | -291.680 77.054 | -270.205 89.891 | -265.973
60.488 | -294.314 69.479 | -291.691 77.054 | -270.223 89.891 | -265.899
62.834 | -315.565 71.183 | -305.024 79.193 | -284.167 90.305 | -267.283
62.834 | -315.567 71.183 | -305.028 79.193 | -284.183 90.305 | -267.306
65.265 | -336.742 73.217 | -320.461 80.380 | -291.450 91.077 | -269.547
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Table 4.6 (continued)

h*=10.134 m h*=14.992 m h*=20.006 m h* =25.008 m
| iy | X | i | ™| gorm | XM | gor
65.265 | -336.791 73.217 | -320.456 80.380 | -291.436 91.077 | -269.574
66.378 | -346.265 75.183 | -334.471 82.766 | -304.911 93.495 | -275.370
66.378 | -346.241 75.183 | -334.500 82.766 | -304.926 93.495 | -275.360
69.076 | -368.430 76.161 | -341.226 83.972 | -311.106 95.495 | -278.083
69.076 | -368.441 76.161 | -341.224 83.972 | -311.100 95.495 | -278.079
70.585 | -380.268 79.308 | -361.257 86.910 | -324.295 96.243 | -278.746
70.585 | -380.268 79.308 | -361.208 86.910 | -324.306 96.243 | -278.701
72.867 | -397.394 79.350 | -361.454 87.823 | -327.831 97.189 | -279.030
72.867 | -397.409 79.350 | -361.512 87.823 | -327.844 97.189 | -279.040
73.720 | -403.556 79.854 | -364.449 92.072 | -340.306 98.898 | -278.787
73.720 | -403.545 79.854 | -364.436 92.072 | -340.270 98.898 | -278.778
76.059 | -419.640 82.955 | -381.263 92.166 | -340.497 101.523 | -275.605
76.059 | -419.655 82.955 | -381.227 92.166 | -340.374 101.523 | -275.611
77.952 | -431.689 83.185 | -382.364 92.182 | -340.407 102.004 | -274.737
77.952 | -431.707 83.185 | -382.397 92.182 | -340.474 102.004 | -274.728
79.943 | -443.469 86.232 | -395.913 92.219 | -340.546 103.634 | -270.794
79.943 | -443.433 86.232 | -395.904 92.219 | -340.658 103.634 | -270.785
81.774 | -453.341 86.585 | -397.274 96.117 | -345.866 105.359 | -265.661
81.774 | -453.327 86.585 | -397.287 96.117 | -345.806 105.359 | -265.642
84.193 | -464.918 89.151 | -406.135 98.341 | -346.148 106.021 | -263.274
84.193 | -464.951 89.151 | -406.137 98.341 | -346.191 106.021 | -263.299
86.281 | -473.524 91.637 | -412.425 101.200 | -343.631 108.653 | -252.598
86.281 | -473.497 91.637 | -412.529 101.200 | -343.636 108.653 | -252.617
88.581 | -481.481 92.803 | -414.756 102.484 | -341.538 111.121 | -240.387
88.581 | -481.469 92.803 | -414.698 102.484 | -341.537 111.121 | -240.403
91.179 | -488.235 95.850 | -418.309 104.605 | -336.511 112.415 | -233.381
91.179 | -488.274 95.850 | -418.314 104.605 | -336.524 112.415 | -233.417
92.688 | -491.217 97.654 | -418.987 105.957 | -332.652 117.253 | -202.799
92.688 | -491.182 97.654 | -418.919 105.957 | -332.648 117.253 | -202.755
95.045 | -494.298 100.791 | -416.853 107.283 | -327.970 117.854 | -198.624
95.045 | -494.307 100.791 | -416.877 107.283 | -327.948 117.854 | -198.540
97.561 | -495.348 102.188 | -415.067 109.573 | -318.722 118.393 | -194.676
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Table 4.6 (continued)

h*=10.134 m h*=14.992 m h*=20.006 m h* =25.008 m
| ooy | XM | i | XM | ganm | XM | gor
97.561 | -495.368 102.188 | -415.032 109.573 | -318.727 118.393 | -194.707
98.993 | -495.083 103.511 | -412.415 111.356 | -310.146 123.184 | -157.137
98.993 | -495.080 103.511 | -412.393 111.356 | -310.133 123.184 | -157.064
101.588 | -492.481 106.146 | -405.792 113.557 | -298.551 123.302 | -156.077
101.588 | -492.471 106.146 | -405.794 113.557 | -298.555 123.302 | -156.107
102.648 | -490.909 108.726 | -396.646 116.490 | -280.694 | 126.558 | -127.266
102.648 | -490.910 108.726 | -396.661 116.490 | -280.708 126.558 | -127.319
103.484 | -489.264 109.987 | -391.578 117.858 | -271.777 129.945 -94.769
103.484 | -489.258 109.987 | -391.566 117.858 | -271.753 129.945 -94.796
106.395 | -482.080 111.153 | -386.228 119.485 | -260.374 | 130.997 -84.058
106.395 | -482.083 111.153 | -386.220 119.485 | -260.394 | 130.997 -84.359
109.460 | -471.189 113.901 | -372.442 122.146 | -240.906 131.486 -78.697
109.460 | -471.187 113.901 | -372.443 122.146 | -240.894 131.486 -78.792
110.220 | -468.125 116.807 | -355.262 123.689 | -228.798 136.418 -16.785
110.220 | -468.143 116.807 | -355.266 123.689 | -228.795 136.418 -17.094
110.964 | -464.793 117.898 | -348.371 126.207 | -208.181 136.988 -8.614
110.964 | -464.822 117.898 | -348.365 126.207 | -208.163 136.988 -8.001
114.072 | -449.745 119.105 | -340.256 129.519 | -179.333 137.088 -6.350
114.072 | -449.750 119.105 | -340.256 129.519 | -179.336
117.212 | -431.498 121.889 | -320.705 130.376 | -171.535
117.212 | -431.474 121.889 | -320.703 130.376 | -171.535
117.957 | -426.859 124.140 | -303.536 135.815 | -119.081
117.957 | -426.870 124.140 | -303.547 135.815 | -119.454
118.737 | -421.778 125.779 | -290.595 135.992 | -117.561
118.737 | -421.792 125.779 | -290.578 135.992 | -117.286
121.838 | -400.586 127.620 | -275.415 136.248 | -114.452
121.838 | -400.577 127.620 | -275.426 136.248 | -114.671
124.767 | -378.474 129.169 | -262.383 141.472 -54.234
124.767 | -378.468 129.169 | -262.363 141.472 -54.162
125.668 | -371.422 132.506 | -233.015 144.591 -4.874
125.668 | -371.418 132.506 | -233.018
126.798 | -362.267 133.266 | -226.170
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Table 4.6 (continued)

h* = 10.134 m h* = 14.992 m
o, o,
XM 1 vy | XM | genime)

126.798 | -362.265 | 133.266 | -226.144

129.585 | -339.120 | 137.146 | -190.043

129.585 | -339.115 | 137.146 | -189.986

131.057 | -326.339 | 137.451 | -187.086

131.057 | -326.334 | 137.451 | -187.138

134.277 | -297.507 | 141.324 | -148.415

134.277 | -297.516 | 141.324 | -148.492

136.108 | -280.599 | 143.770 | -122.713

136.108 | -280.573 | 143.770 | -123.064

139.229 | -251.151 | 147.770 | -74.066

139.229 | -251.143 | 147.770 | -74.030

141.509 | -229.142 | 152.112 -7.218

141.509 | -229.166

143.938 | -205.392

143.938 | -205.397

146.172 | -183.190

146.172 | -183.212

149.134 | -152.746

149.134 | -153.018

150.511 | -137.607

150.511 | -137.464

154.291 | -91.637

154.291 | -90.907

156.032 | -65.664

156.032 | -65.899

159.399 -5.823
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Table 4.7 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 40-m-

high cross-section

87

h* = 29.989 m h* = 34.952 m h* = 39.088 m h* = 44.083 m

x (m) (klg/;?nZ) x (m) (kﬁ/;FnZ) x (m) (kﬁ/;FnZ) X (m) (krg/;FnZ)
65500 | -3.949 | 72981 | -4537| B80.561| -4423| 87.933| -5.175
65670 | -6.819 | 73.853 | -17.399| 81497 | -18270| 89.490 | -20.855
65670 | -6.786 | 73.853 | -17.361| 81497 | -17.903| 89.490 | -20.610
67544 | -33818 | 75641 | -38787| 84260 | -46482| 91001 | -23.108
67544 | -33.673 | 75641 | -38724| 84260 | -46.862| O1.001 | -22.896
60701 | -58.743 | 77.352| -56533| 84411 | -48.183| 92463 | -23.986
60701 | -58.721 | 77.352| -56.430 | B84.411| -47.805| 92.463 | -24.184
71382 | 75452 | 80233 | -81314| 84.441| -48102| 94192 | -23.524
71382 | -75404 | 80233 | -81.298 | 84.441 | -47.863| 94192 | -23522
74202 | -102568 | B80.699 | -85013| 84511 | -48370| 95.805 | -23.281
74202 | -102583 | B80.699 | -85133| 84511 | -48.246| 95805 | -23.752
77252 | -127.063 | 85680 | -117.674 | 87.767 | -67.186| 97.561 | -23.383
77252 | -127.080 | 85689 | -117.625 | 87.767 | -67.265| 97.561 | -23.162
79676 | -145308 | 86,011 | -119.455 | 89.089 | -76.447 | 99.947 | -23.804
79676 | -145204 | 86,011 | -119.269 | 89.989 | -76.400 | 99.947 | -23.714
82212 | -161941 | 86184 | -120.221 | 91.836 | -82548 | 102.954 | -24.304
82212 | -161937 | 86184 | -120.353 | 91.836 | -82556 | 102.954 | -23.854
83913 | -172.082 | 86495 | -121.009 | 94.309 | -88.045 | 104.804 | -21.654
83913 | -172072 | 86495 | -122.018 | 94.309 | -88.044 | 104804 | -21.946
87.428 | -190199 | 91661 | -144.320 | 95759 | -90251 | 105891 | -19.684
§7.428 | -190.239 | 91661 | -144270 | 95750 | -90278 | 105891 | -19.220
89.448 | -198.950 | 92.948 | -148.108 | 96.938 | -90.990 | 107.126 | -4.601
89.448 | -198.938 | 92.948 | -148.095 | 96.938 | -90.975

00862 | 204214 | 95188 | -153053 | 99.871 | -89.511

00862 | 204203 | 95188 | -153117 | 99.871 | -89.522

02145 | -208.138 | 96.505 | -154.400 | 104.094 | -80.004

02.145 | -208.163 | 96.505 | -154.373 | 104.094 | -79.751

03644 | -211.963 | 99.460 | -153618 | 104.112 | -79.706

03644 | -211.049 | 99.460 | -153610 | 104.112 | -79.517

05560 | -215.012 | 103.703 | -143.450 | 104.166 | -79.335




Table 4.7 (continued)

h* = 29.989 m h* = 34.952 m h* = 39.988 m
oy o, o,
XM | genmz) | ™| genmg) | 5™ enim)

95.560 | -215.048 | 103.703 | -143.307 | 104.166 | -79.601

97.636 | -216.140 | 103.768 | -143.092 | 108.256 | -62.648

97.636 | -216.099 | 103.768 | -143.081 | 108.256 | -62.633

99.781 | -214.811 | 103.858 | -142.755 | 109.418 | -56.006

99.781 | -214.855 | 103.858 | -142.840 | 109.418 | -56.076

103.479 | -206.698 | 107.501 | -127.617 | 112.609 | -30.121

103.479 | -206.698 | 107.501 | -127.607 | 112.609 | -30.359

104.429 | -203.720 | 109.706 | -116.183 | 114.619 -5.168

104.429 | -203.653 | 109.706 | -116.210

104.952 | -201.735 | 110.914 | -109.189

104.952 | -201.807 | 110.914 | -109.170

109.309 | -182.428 | 113.906 | -89.167

109.309 | -182.440 | 113.906 | -89.107

109.963 | -179.124 | 113.976 | -88.564

109.963 | -178.974 | 113.976 | -88.615

110.050 | -178.522 | 117.065 | -63.020

110.050 | -178.545 | 117.065 | -62.776

110.391 | -176.690 | 120.132 | -31.716

110.391 | -176.747 | 120.132 | -31.411

113.804 | -156.509 | 121.239 | -18.822

113.804 | -156.514 | 121.239 | -18.493

114.850 | -149.481 | 122.171 -5.075

114.850 | -149.438

117.364 | -131.364

117.364 | -131.427

122.353 | -89.119

122.353 | -89.052

122.758 | -85.232

122.758 | -85.503

122.952 | -83.467

122.952 | -83.969

124.845 | -64.220
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Table 4.7 (continued)

h* =29.989 m
o,
XM | enjm?)

124.845 | -64.502
128.746 | -18.961
128.746 | -18.633
129.152 | -13.482
129.152 | -12.429
129.617 -4.899

The values of x and h* in Table 4.6 and Table 4.7 represent the horizontal and vertical
distance measured from the bottom left corner of the cross-section
(0, 0), respectively. Column for ¢, is provided for effective stress in kN/m? and the (-
) sign represents compression. The parameters Hr, Ht, and Hp are constant in a single

standard cross-section, whereas h*, B*, Xs, Xf, Gpmax, and o,,,;, are variable between

vmin

the arbitrary horizontal cross-sections. These parameters are defined as:

h* : height of the horizontal cross-section from the base of the dam cross-section
(See Figure 4.20).

B* - width of the cross-section at any horizontal layer. Defined as:

B* = (Sy +Sy)(H —h*) + B, (4.23)
Sd - horizontal run for 1 m-rise at downstream side slope
Su - horizontal run for 1 m-rise at upstream side slope

Bc - width of the crest

Xs - distance of the beginning of the horizontal cross-section from X=0
Xt - distance of the end of the horizontal cross-section from X=0
Oymax . Maximum value of the effective stress of the horizontal layer

Oymin . Minimum value of the effective stress of the horizontal layer
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A number of operations were conducted in order to define a dimensionless effective
stress distribution. The governing equation was proposed by the functional relationship
with reference to the dimensionless plot of the relevant data as shown in Figure 4.21.
Legend shows h* values of 8 arbitrary horizontal layers.

2(x — x o,
f <—( = 5) _ 1) == v (4.24)
vmax
Q = Q o o o o
o = S S 2 S 2
0.00 .
i /
.‘ -0.20 Se
Py
A
§ x -0.40 ‘{'
‘E %Y 4
2 % -0.60 Peo
©

-1.20
2(x—1,) 5 ~1
010 e14 20 @25 30 o35 40 @45

Figure 4.21 Graphical representation of the governing equation for 8 arbitrary

horizontal layers of 40 m-high cross-section

As it can be observed from Figure 4.21, the data tend to follow a trend except the levels
close to the dam crest elevation. The effective stress distributions of all individual and
arbitrary horizontal cross-sections were expressed by a 6" degree polynomial with
LINEST function of MS EXCEL, which uses the data given in Table 4.8 with the least
squares method. In Table 4.8:
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S}
Il

(h* — Hp)

(4.25)

Table 4.8 Coefficients of the effective stress distributions given in Figure 4.22

o a b c d e f g
0.09 0.5296 | -0.0074 | -0.9558 | 0.0093 | 1.4085 | -0.0032 | -1.0021
0.21 0.4553 | -0.0035 | -0.8125 | 0.0059 | 1.3391 | -0.0018 | -1.0012
0.34 0.4222 | -0.0008 | -0.7304 | 0.0040 | 1.2911 | -0.0008 | -1.0010
0.47 0.3844 | -0.0110 | -0.6514 | 0.0126 | 1.2475 | -0.0010 | -0.9998
0.59 0.3776 | -0.0070 | -0.6090 | 0.0053 | 1.2093 | 0.0030 | -0.9974
0.71 0.3772 | 0.0106 | -0.5293 | -0.0140 | 1.1264 | 0.0099 | -0.9988
0.84 0.4997 | -0.0203 | -0.4181 | 0.0218 | 0.8837 | 0.0108 | -1.0000
0.96 2.0503 | 0.0403 | -1.5487 | -0.0137 | 0.2813 | -0.0020 | -0.9762

The true dimensionless effective forces, Py, below the effective stress distributions

were defined as:

o [ o(0dx

vt ' *
vaaxB

(4.26)

The true dimensionless effective forces, P,., were also analysed and presented in

Figure 4.22 with the other parameters. Finally, the procedure was held for all standard

cross-sections ranging from 40 m to 200 m heights and the results are summarized in

Table 4.9.
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Dimensionless parameter
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Figure 4.22 « versus parameters a through g and true dimensionless

effective forces

Table 4.9 Summary of the values of parameters of all cross-sections

Ht '

(m) o a b c d e f g ot
0.093 | 0.530 | -0.007 | -0.956 | 0.009 | 1.409 | -0.003 | -1.002 | -1.296
0.215 | 0.455 | -0.004 | -0.813 | 0.006 | 1.339 | -0.002 | -1.001 | -1.305
0.340 | 0.422 | -0.001 | -0.730 | 0.004 | 1.291 | -0.001 | -1.001 | -1.313

40 0.465 | 0.384 | -0.011 | -0.651 | 0.013 | 1.248 | -0.001 | -1.000 | -1.319

0.590 | 0.378 | -0.007 | -0.609 | 0.005 | 1.209 | 0.003 | -0.997 | -1.324

0.714 | 0377 | 0.011 | -0.529 | -0.014 | 1.126 | 0.010 | -0.999 | -1.351

0.840 | 0.500 | -0.020 | -0.418 | 0.022 | 0.884 | 0.011 | -1.000 | -1.435

0.965 | 2.050 | 0.040 | -1.549 | -0.014 | 0.281 | -0.002 | -0.976 | -1.799
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Table 4.9 (continued)

(:t) o a b c d e f g P
0.089 | 0.523 | -0.006 | -0.934 | 0.001 | 1.393 | 0.007 | -1.003 | -1.301
0.190 | 0.449 | 0.004 | -0.794 | -0.009 | 1.326 | 0.009 | -1.002 | -1.310
0.374 | 0.356 | 0.013 | -0.619 | -0.020 | 1.243 | 0.014 | -1.003 | -1.324
0.474 | 0.324 | -0.006 | -0.556 | -0.004 | 1.208 | 0.013 | -1.001 | -1.326
o0 0.574 | 0.319 | 0.010 | -0.532 | -0.021 | 1.185 | 0.018 | -1.000 | -1.332
0.674 | 0.324 | 0.017 | -0.505 | -0.033 | 1.145| 0.025 | -1.000 | -1.346
0.823 | 0.330 | -0.010 | -0.312 | -0.010 | 0.913 | 0.031 | -1.001 | -1.424
0.956 | 1.857 | -0.179 | -1.819 | 0.215| 0.758 | -0.018 | -1.002 | -1.697
0.028 | 0.606 | -0.014 | -1.082 | 0.009 | 1.458 | 0.003 | -1.004 | -1.296
0.152 | 0.458 | 0.001 | -0.824 | -0.004 | 1.345| 0.006 | -1.003 | -1.307
0.278 | 0.376 | 0.002 | -0.673 | -0.004 | 1.275| 0.006 | -1.003 | -1.318
0.403 | 0.290 | -0.004 | -0.524 | 0.002 | 1.210 | 0.006 | -1.002 | -1.324
80 0.528 | 0.266 | -0.003 | -0.471 | 0.000 | 1.177 | 0.008 | -1.001 | -1.329
0.653 | 0.300 | -0.020 | -0.468 | 0.014 | 1.140 | 0.009 | -1.000 | -1.341
0.777 | 0.297 | -0.023 | -0.336 | 0.016 | 0.995 | 0.015 | -1.003 | -1.392
0.903 | 0.181 | -0.082 | 0.430 | 0.062 | 0.264 | 0.027 | -0.996 | -1.592
0.100 | 0.506 | 0.004 | -0.902 | -0.003 | 1.381 | 0.001 | -1.003 | -1.302
0.200 | 0.431 | -0.005 | -0.752 | 0.005 | 1.307 | -0.001 | -1.003 | -1.312
0.300 | 0.338 | 0.005 | -0.593 | -0.003 | 1.238 | 0.000 | -1.003 | -1.321
0.400 | 0.293 | -0.001 | -0.505 | 0.002 | 1.192 | 0.000 | -1.002 | -1.327
100 0.500 | 0.256 | -0.016 | -0.428 | 0.015 | 1.153 | -0.002 | -1.001 | -1.332
0.600 | 0.255 | -0.005 | -0.396 | 0.006 | 1.119 | -0.001 | -1.000 | -1.340
0.700 | 0.269 | -0.011 | -0.357 | 0.010 | 1.059 | -0.002 | -1.001 | -1.362
0.800 | 0.296 | 0.005 | -0.203 | -0.006 | 0.864 | 0.001 | -0.997 | -1.415
0.899 | -0.125 | 0.053 | 0.925 | -0.081 | 0.085 | 0.027 | -0.987 | -1.584
0.133 | 0.477 | 0.006 | -0.853 | -0.010 | 1.359 | 0.006 | -1.003 | -1.305
0.216 | 0.418 | 0.005 | -0.738 | -0.009 | 1.303 | 0.007 | -1.003 | -1.314
0.298 | 0.343 | 0.004 | -0.606 | -0.006 | 1.243 | 0.006 | -1.003 | -1.321
120 0.382 | 0.266 | 0.008 | -0.478 | -0.015 | 1.190 | 0.009 | -1.003 | -1.328
0.465 | 0.264 | -0.004 | -0.454 | -0.004 | 1.172 | 0.008 | -1.004 | -1.334
0.549 | 0.239 | 0.008 | -0.402 | -0.017 | 1.139 | 0.012 | -1.002 | -1.336
0.632 | 0.246 | 0.020 | -0.376 | -0.031 | 1.104 | 0.017 | -1.002 | -1.347
0.843 | 0.211 | -0.043 | 0.056 | 0.024 | 0.667 | 0.019 | -1.001 | -1.474
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Table 4.9 (continued)

(2‘) a a b c d e f g P
0.090 | 0.511 | 0.003 | -0.919 | -0.005 | 1.390 | 0.004 | -1.003 | -1.300
0.198 | 0.439 | -0.002 | -0.773 | -0.002 | 1.318 | 0.005 | -1.003 | -1.310
0.305 | 0.338 | 0.005 | -0.599 | -0.007 | 1.242 | 0.006 | -1.002 | -1.320
0.411 | 0.279 | 0.012 | -0.487 | -0.012 | 1.189 | 0.007 | -1.002 | -1.327
140 0.519 | 0.280 | -0.013 | -0.464 | 0.007 | 1.166 | 0.005 | -1.003 | -1.335
0.628 | 0.231 | 0.004 | -0.365 | -0.012 | 1.106 | 0.010 | -1.002 | -1.346
0.736 | 0.261 | -0.002 | -0.310 | -0.003 | 1.011 | 0.011 | -1.001 | -1.377
0.841 | 0.237 | -0.083 | 0.021 | 0.068 | 0.673 | 0.007 | -0.996 | -1.467
0.091 | 0.495 | 0.001 | -0.883 | -0.003 | 1.370 | 0.004 | -1.003 | -1.304
0.184 | 0.416 | 0.009 | -0.736 | -0.013 | 1.303 | 0.006 | -1.003 | -1.313
0.277 | 0.359 | 0.007 | -0.624 | -0.012 | 1.249 | 0.007 | -1.003 | -1.321
0.372 | 0.272 | 0.004 | -0.486 | -0.007 | 1.194 | 0.006 | -1.003 | -1.328
160 0.465 | 0.248 | 0.005 | -0.434 | -0.011 | 1.164 | 0.008 | -1.002 | -1.331
0.557 | 0.212 | 0.011 | -0.365 | -0.018 | 1.133 | 0.011 | -1.004 | -1.339
0.654 | 0.239 | 0.000 | -0.363 | -0.010 | 1.098 | 0.011 | -1.001 | -1.347
0.747 | 0.250 | 0.000 | -0.287 | -0.010 | 1.001 | 0.015 | -1.001 | -1.377
0.107 | 0.498 | 0.002 | -0.872 | -0.004 | 1.361 | 0.004 | -1.003 | -1.305
0.219 | 0.390 | 0.006 | -0.681 | -0.007 | 1.278 | 0.005 | -1.004 | -1.317
0.328 | 0.306 | 0.004 | -0.534 | -0.007 | 1.211 | 0.006 | -1.003 | -1.324
0.440 | 0.228 | 0.008 | -0.409 | -0.013 | 1.158 | 0.008 | -1.002 | -1.331
180 0.551 | 0.205 | -0.004 | -0.359 | -0.003 | 1.128 | 0.007 | -1.001 | -1.335
0.663 | 0.215 | -0.008 | -0.327 | -0.002 | 1.082 | 0.009 | -1.001 | -1.349
0.772 | 0.319 | -0.005 | -0.311 | -0.007 | 0.962 | 0.014 | -1.000 | -1.392
0.883 | -0.112 | -0.067 | 0.800 | 0.014 | 0.208 | 0.037 | -0.992 | -1.558
0.101 | 0.512 | 0.004 | -0.898 | -0.007 | 1.372 | 0.004 | -1.003 | -1.305
0.201 | 0.414 | -0.003 | -0.722 | 0.000 | 1.292 | 0.004 | -1.003 | -1.315
0.300 | 0.312 | 0.000 | -0.555 | -0.003 | 1.223 | 0.005 | -1.003 | -1.323
200 0.400 | 0.298 | -0.006 | -0.501 | 0.003 | 1.188 | 0.004 | -1.002 | -1.328
0.502 | 0.226 | 0.000 | -0.389 | -0.004 | 1.142 | 0.006 | -1.001 | -1.332
0.602 | 0.209 | -0.006 | -0.344 | -0.004 | 1.109 | 0.008 | -1.002 | -1.342
0.700 | 0.237 | -0.007 | -0.318 | -0.001 | 1.054 | 0.010 | -1.005 | -1.367
0.802 | 0.321 | -0.028 | -0.208 | 0.014 | 0.849 | 0.014 | -0.996 | -1.419
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The graph showing the trend of parameters a, b, c, d, e, f, and g is presented in Figure

4.23. Regression analysis was implemented for modelling the parameters as 9-degree

polynomials with R? values ranging from 0.72 to 0.98. These coefficients and true

vertical effective force, P, are presented as Equations 4.26 to 4.33.

Dimensionless parameter
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Figure 4.23 Parameters of Eq.4.22 of all cross-sections

a =13215.2a’ — 53568.49a8 + 91030.86a’ — 84270.12a°
+46217.74a® — 15292.63a* + 2973.97a3
—313.91a? + 14.18a + 0.39 (4.27)

b = 728a° — 3241.33a® + 6116.43a” — 6361.34a® + 3968.09a°
—1513.57a* + 345.19a3 — 44.16a? + 2.81a — 0.07 (4.28)
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c =—-16962.29a° + 67907.76a® — 113791.92a” + 103699.22a°®
—55875.36a° + 18118.17a* — 3440.83a3
+351.92a% — 14.37a — 0.89 (4.29)

d = —416.55a° + 2010.21a® — 4064.37a’ + 4476.63a°
—2922.72a° + 1153.53a* — 269.37a3 + 34.98a? — 2.24a + 0.05 (4.30)

e = 4097.75a° — 15794.47a® + 25278.33a” + 21791.18a®
+10967.13a°® — 3263.44a* + 553.42a3 — 47.54a + 0.70a + 1.47  (4.31)

f =-232.38a’ + 918.04a® — 1519.17a” + 1371.32a® — 737.09a°
+241.62a* — 47.39a3 + 5.19a% — 0.26a + 0.01 (4.32)

g = 165.05a° + 732.87a® + 1366.68a” — 1390.63a® + 840.17a®
—307.59a* + 66.82a3 — 8.07a? + 0.47a — 1.01 (4.33)

P!, = 52.78a° — 137.57a® + 77.63a’ + 93.81a® — 153.32a5
+87.14a* — 24.04a® + 3.25a% — 0.29a — 1.29 (4.34)

4.5.3 Forming the Optimization Algorithm

The optimization for determining the number of stress measuring devices was

conducted by the minimization of the total cost of the system, Cr:

CT = CE + Cp (4‘35)

where Ce and Cp are the cost of equipment and the cost of penalty, respectively.
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Cost of penalty is a measure of how well the pressure distribution is represented by the
instrument configuration concerned. As mentioned before, the actual stress
distribution is of a high degree polynomial. However, the outputs of an instrumentation
system compromise a finite number of sensors connected to each other with straight
lines (Figure 4.24).

N=1 N=2 N=2
0Ne Sensor approx. two sensors approx. three sensors approx.

T~ N

True stress distribution

R HTHTHATATn

Figure 4.24 Representation of sensor approximations and true stress distribution

Cost of penalty reflects the quality of the information. With the implementation of
minimum number of allowable sensors (i.e. one), the cost of the instrumentation
system will be lowest which provides poor information about the structural behaviour.
On the contrary, with the increasing number of sensors, the cost of the instrumentation
system and the quality of the information will increase. Cost of penalty is then defined
as the multiplication of the percent difference between the actual area and the
computed area under the true effective stress distribution and the linear representation
by the instrumentation system, respectively, and the cost difference between the

system with maximum and minimum allowed number of sensors.

Cost of equipment is the sum of cost of each sensor Cs and the cost of cable Ce.
Switchbox is assumed to be located at the downstream face of the dam with the same
height of the horizontal layer. The cables are single-core; thus all sensors use their
individual cables for connection to the switchbox. The cost of all instruments and the
additional equipment used in this study are provided in Appendix A.
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The projected vertical effective forces obtained from the different sensor combinations

were calculated by the trapezoidal rule. Then the projected vertical effective forces

were generalized. Figure 4.24 illustrates the projected vertical effective stress

distributions with finite number of instruments and the comparison with the true

vertical effective stress distribution. In this figure, N is the number of instruments.

N=1
p= -2
v N1
-3 (y57)
=% \N¥1
CE—NCS+N(N+1)CC
N=2
B*
) = (o] + o)

98

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)



N=3

B*
P, = N+1(01+02+a3)

B
=N N2 —
Ce CS+<N+1)( 3
N=4
! B* ! ! ! !
PU:N+1(O-1+O-2+O-3+O-4)
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%= \N ¥ 1
Cz = NC +< B )(N2 6)C
B s N+1 ¢
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*

Co = NCs + (N + 1) (N% = 10)C, (4.50)
N=6
P, = N;1(01+02+03+04+05+06) (4.51)
. / 6B°
ol =g, (N - 1) (4.52)
Cp = NCs + (N + 1) (N? = 15)C, (4.53)

The form of the cost of the equipment, Ck, is then given by:

B* N2 —N

In general form, cost of equipment for various number of instruments, N, can be

expressed by the following function:

*

Cs(N) = N (CS 4 C, 37) (4.55)

The modelled vertical effective force can also be generalized as function below for

various number of instruments on a layer:

)ia (B (1)> (4.56)

i=1

) = (5
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Finally, the objective function can be expressed by:

Minimize
CT = CE + CP
Subject to:
N >1
N <8/,
N
B’ [ B"(@)
P,(N) =
v () (N+1>, 10”<(N+1)>
=

gp(x) =ax® +bx®+cx*+dx3+ex?+fx+g

*

Ce(N) =N (CS +C. 37)

*

B
Cpiss = Cg (7) — Cx(1)

Pl

vt

Err(N) =

Cp(N) = CDiffET'T'(N)
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(4.58)

(4.56)
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(4.55)

(4.59)

(4.60)
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where;
B : width of a horizontal layer

P,(N) : modelled vertical dimensionless effective force function

This objective function can be solved in MS EXCEL environment without any need
for complex linear or non-linear solvers. A detailed view of the working spreadsheet
is provided in Appendix E.

4.6 The Outcomes of the Algorithm

4.6.1 Algorithm Outputs

The proposed algorithm was applied to the aforementioned CFRD cross-sections. The
third approach was selected for the determination of the number of the horizontal
projections to be equipped with sensors. The optimal number of horizontal projections
and the number of sensors were computed from the algorithm and the maximum of the
ratio of percent error reduction to percent cost increase (E| / C1) was chosen as an

optimum solution.

Table 4.10 provides detailed information about the percent error decreases and cost
increases for different number of horizontal projections, M, of CFRD cross-sections

with heights ranging from 40 m to 120 m from thalweg.
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Table 4.10 Determination of the optimum number of layers and instruments

(nH13 M E(%r Nt siﬁiﬁf ((a$r) Er(%l C((f);ot)T EL7CT
1| 154 | 3 880.00
> [ 020 | 6 880.00 | 134| 000| 13360
3 | 086 | 10 88840 | 000| 095| 000
Q| 4| 119 | 12 896.80 | 000| 095| 000
5 | 138 | 15 89493 | 000| 000 000
6 | 149 | 19 89642 | 000| 017| 000
7 | 157 |22 89527 | 000| 000| 000
1| 225 | 4 964.00
2 | 051 | 7 9076.00 | 175| 124| 140
3 | 016 | 11 07545 | 034| 000| 3435
S | 4| 049 | 14 97840 | 000| 030]| 000
5 | 068 | 18 97800 | 000| 000]| 000
6 | 080 | 22 98691 | 000| 091]| 000
7 | oss | 25 909424 | 000| 074 000
1| 287 | 4| 1,048.00
o | 111 | 9 | 106044 | 176| 119| 148
3 | 044 | 12| 107600| 067| 147| 046
S | 4| o011 | 16| 107320 033] o000| 3308
5 | 008 | 21| 107467 | 004| 014| 026
6 | 020 | 24| 108000| 000| 05| 000
7 | 028 | 28| 107800| o000| o000| 000
1| 334 | 4| 113200
> | 157 | 9 | 114756 | 177| 137| 129
3 | 090 | 13| 114815| 067| 005| 1294
8 | 4| 056 |17 | 116659 | 033| 161| o021
5 | 037 | 21| 116533| 019| 000| 1901
6 | 025 | 27| 117422| o0412| 076| 016
7 | 017 | 31| 117265| 008]| 000| 812
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Table 4.10 (continued)

m M| oo [N smar® |00 |00 | | B
1 3.69 1,216.00
2 1.92 1,234.67 177 1.54 1.15
3 1.24 15 1,249.60 0.68 1.21 0.56

120 | 4 0.91 19 1,253.14 0.33 0.28 1.18
5 0.72 23 1,267.13 0.19 1.12 0.17
6 0.60 29 1,268.14 0.12 0.08 1.51
7 0.51 33 1,269.45 0.08 0.10 0.78

The summary of the results of the number of horizontal projections, M, is presented in

Table 4.11.

Figure 4.25 shows the breakdown of the total cost into cost of equipment and penalty

for Hr =80 m and h* = 30 m. As can be seen, the optimum number of sensors is 7 for

this case.

He (M)

40

60

80

100

120

140

160

180

200

oloolojlog s wnZ
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Table 4.11 Number of horizontal projections




Cost (x104$)

0 5 10 15 20 25
Number of Sensors, N

Cost of Equipment Cost of Penalty > Cost

Figure 4.25 Graphical representation of the elements of the total cost

The number of instruments at each horizontal layer are presented in Table 4.12.

Table 4.12 The results of algorithm

He (M) M h* (m)
19.73
33.07
24.60
60 3 39.60
54.60
28.80
44.80
60.80
76.80

Nt

40 2

11

80 4

16

Wb AawpsdbDww Z
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Table 4.12 (continued)

Hi (m)

h* (m)

Nt

100

32.67

49.33

66.00

82.67

99.33

21

120

36.34

53.49

70.63

87.77

104.91

122.06

29

140

42.40

62.40

82.40

102.40

122.40

142.40

29

160

48.46

71.31

94.17

117.03

139.89

162.74

32

180

54,51

80.23

105.94

131.66

157.37

183.09

33

200

60.57

89.14

117.71

146.29

174.86

203.43

M oolojo|NNbdoooojoo|NDdMbhoOoooNw b ooooow dMooajlogjlojojw| b~ oolol|l 2

35
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The locations of the sensors (not to scale) within the dam body are presented as

decision-making information in Table 4.13.

Table 4.13 Decision-making chart

He(m) | M | Nt Definition Sketch
40 2 6
60 3 |11
80 4 | 16
100 5 21
120 6 | 29
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Table 4.13 (continued)

Hi(m) | M | Nt Definition Sketch
140 6 | 29
160 6 | 32
180 6 | 33
200 6 | 35

4.7 Evaluation of the Consequences of External Effects

Some external interventions, such as seepage and earthquake loading were also
analysed. As mentioned before, the readouts of stress measurement sensors can be
used for assessing the possibility of increased leakage. The effects of the seepage and
the earthquake loading on the sensor configuration will be analysed in the following
sections. Evaluation of the alternative sensor placement is also considered in terms of

both accurate modelling of stress distribution and cost.
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4.7.1 Effect of Seepage

The design principles of CFRDs dictate that the concrete upstream face is watertight
during the lifetime of the dam. Moreover, the dam body consists of homogeneous
rockfill without any impervious core. The lack of impervious core and its filters makes
CFRDs immune to any seepage through the dam body which might occur from

possible cracking of the concrete upstream face.

In order to assess the internal effective stress changes within the dam body in case of
any possible leakage through the concrete upstream face, a number of analyses were
conducted. The plate element was modified to allow water to seep through from
different locations, such as at a location at maximum reservoir level (Figure 4.26-b),
half (Figure 4.26-c), and one fourth (Figure 4.26-d) of the dam height and the model
was rerun. Results of these analyses were compared with no-seepage case (Figure

4.26-a). Sensor locations are also shown in these figures by white dots.

¢) Seepage from H, = 50m d) Seepage from H = 25m

Figure 4.26. Comparison of the internal stresses of four cases
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It is observed that the extreme effective stress values were decreased around 30% for
case b, described in Figure 4.26 due to pore water pressures induced as a result of
cracking. Because of lower crack elevations for cases ¢ and d, the majority of the dam
body was not influenced significantly from seepage. The effective stress values were

observed to decrease around zones close to the upstream face of the dam.

As a result of this analysis, it can be said that a possible seepage would not create a
safety deficiency within the dam body, whereas there may be some significant
economic consequences due to the loss of water. It is also believed that the proposed
sensor layout is capable of capturing the effective stress decrease caused from a
possible seepage. This decrease is to be considered as a warning remark for possible
cracking of the upstream face slab. Remedial actions can then be taken with reference

to visual observations at the upstream face block and rate of seepage.

4.7.2 Effect of Earthquake

CFRDs are considered as one of the well-performing dam types during large
magnitude earthquakes (ICOLD, 2005) because of the dam fill body being not under
the effect of uplift pressure. As a result of this fact, earthquake loading was not taken

into account during algorithm building procedures.

For assessing and verifying the assumptions, a dynamic earthquake analysis was
conducted to a 100-meter-high cross-section with PLAXIS. A sample data for a strong
motion displacement is considered. For this purpose, a strong earthquake occurred in
Van, Turkey on 23.10.2011 with a Richter magnitude of 7.2 was analysed. The
extreme horizontal displacements of the dam body were compared before and after the
earthquake and the residual earthquake displacement after the earthquake was
observed to be smaller than 1 cm. This result also proves the resistance ability of the
CFRDs against dynamic earthquake loading. In order to trigger the stress/strain
measuring sensors and fully assess the real earthquake response of the dam body, it is
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advised to use three accelerometers at each dam. Darbre (1995) recommends mounting
one accelerometer to the crest of the dam, second one to the foundation of the same
cross-section with the first one, and the last one to the close vicinity of the dam body
as a free-field accelerometer.

4.8 Effect of Alternative Placement of Sensors

In order to visualize the effect of possible modifications of the height of the horizontal
layers, thus the number of the sensors, an arbitrary cross-section was analysed. To this
end, 80-meter-high dam was taken into account and several alternative horizontal
layers were considered. In the optimal solution, the algorithm output gave 4 horizontal
layers with 16 sensors. In the first alternative, only the height of the first horizontal
layer was changed. It was shifted to a place 5 m higher than the original height. In the
second alternative, all horizontal layers were shifted downwards by 4 m, whereas in

the third alternative they were shifted upwards by 4 m.

Table 4.14. Summary of the effect of alternative placement

Case h*(m) | Average Error (%) Cost per sensor ($)

28.8

Optimal 44.8
Solution 60.8 2.40 1,073.20

76.8

33.8

First 44.8
Alternative 60.8 2.56 1,060.08

76.8

24.8

Second 40.8
Alternative 56.8 2.18 1,109.27

72.8

32.8

Third 48.8
Alternative 64.8 2.51 1,039.60

80.8
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It can be observed that these changes either lower the average error or the cost per
sensor but not both at the same time. It can, therefore, be said that the optimal solution
gave the best combination of lowest percent modelling error and lowest cost per
instrument. The summary of the effect of alternative placement of the sensors is
presented in Table 4.14.

4.9 Concluding Remarks

In this chapter, an algorithm for optimal design of stress measuring sensors was
developed. The logic behind this algorithm is to find out the best combination of the

quality of the information gained and the total cost of the configuration.

This algorithm gives the optimum configuration of a monitoring system consists of
total pressure cells and settlement cells, because the stress and the strain is related with
each other and these two types of instruments are interchangeable during the design of

the instrument system according the specific monitoring interests.

Leakage measuring sensors are omitted from the decision support system because in
most of the designs, face slabs are considered as completely impermeable. It is
expected that total pressure cells can provide information about an abrupt change in
the effective stresses which is an indication of a possible leakage problem from the

impervious upstream face slab.

In the following chapter, this algorithm was applied to a number of existing CFRDs
around the world and the results of the proposed algorithm were compared with those

of the existing cases.
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CHAPTER 5

APPLICATION OF THE ALGORITHM

5.1 Introductory Remarks

The outcomes of this study were compared with the instrumentation layout of a
number of existing dams. The existing layouts and the proposed layouts were
compared in a number of terms. Only total pressure cells and settlement cells located
in the dam body are taken into account while evaluating the existing configurations.
Contact pressure cells, settlement cells and strain meters located in and around close

vicinity of concrete face slab are not considered in this study.

5.2 Verification and Discussion

5.2.1 Shuibuya Dam, China

Shuibuya Dam is 233 m-high from foundation and has a base width of
623 m. In the existing configuration, 38 strain measuring sensors (settlement cells)
were installed on five horizontal projections along with other types of instruments
(Wei et al., 2010). The locations of the aforementioned sensors are shown in Figure

5.1 (dimensions are in meters).

The proposed algorithm was run with the dimensions of Shuibuya Dam and a six-

horizontal layer configuration was obtained.
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Figure 5.1 Shuibuya Dam settlement cell locations (Wei et al, 2010)

In the existing case, Shuibuya Dam has a total of 38 strain (settlement) measuring

sensors on 5 horizontal layers. However, the algorithm recommended that a similar

dam cross-section should be equipped with 35 sensors on 6 horizontal projections.

Cost of the existing configuration was also evaluated in Table 5.1 with the assumption

of switchboxes being provided at the downstream of the dam for each layer and the

sensors use their own single-core cables.

Table 5.1 Comparison of existing and proposed configurations of

Shuibuya Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST (%) Layer | h*(m) | N | COST ($)
1 59.2 12 1 60.8 7
2 89.2 10 2 89.5 7
3 124.2 8 3 118.2 6
4 164.2 5 4 146.9 6
5 194.2 3 5 175.6 5
6 204.3 4
TOTAL 38 | 65,062.64 TOTAL 35 | 56,977.59
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It can be observed that the proposed configuration has not only lower total cost
compared to the existing configuration but also provides lower cost per instrument as
$1628 compared to the $1712 of existing configuration. The location of the first two
horizontal projections are very close to each other for both configurations. However,
the advantage of the proposed configuration can be identified when the information

gained from sensors with the inclusion of an additional horizontal layer is considered.

5.2.2 Tanyeri Dam, Turkey

Tanyeri Dam is a 100 m-high CFRD from thalweg. It is one of the dams of Fatsa
projects and located in the Eastern Black Sea Region of Turkey. The maximum
reservoir level is 98 m. Upstream face slope is 1V:1.41H, whereas the downstream
slope is 1V:1.4H.

The dam body was designed with a contemporary approach as zoned fill. At the mid-
axis, the dam body is equipped with 11 total pressure cells and 11 settlement cells, a
total number of 22 stress and strain (settlement) monitoring sensors. Each total

pressure cell is installed along with a settlement cell in 3 horizontal levels.

The proposed algorithm was run with the dimensions of Tanyeri Dam and a five-
horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 21 sensors on 5 horizontal
projections. The comparison and the cost of the existing and proposed configuration

is presented in Table 5.2.
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Table 5.2 Comparison of existing and proposed configurations of Tanyeri Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST ($) Layer | h*(m) | N | COST ($)
1 46.0 10 1 32.7 5
2 89.2 6 2 49.3 5
3 124.2 6 3 66.0 4
4 82.7 4
5 99.3 3
TOTAL 22 | 24,492.51 TOTAL 21 24,472.00

It can be observed that the cost and the number of instruments are nearly identical
between the existing and proposed configurations. However, because of having more
horizontal layers, it is obvious that the proposed algorithm will provide a better picture

of the overall stress behaviour within the dam body.

5.2.3 Zipingpu Dam, China

Zipingpu Dam is a 134 m-high CFRD from thalweg and located 60 km northwest of
Chengdu of Sichuan Province (Xu et al., 2012). The height from foundation is 156 m
and the ratio between Hr and Ht is 1.16 which is fully compatible with the assumption
of this study. The crest width is 12 m and the maximum reservoir level is 127 m. The

upstream face slope is 1V:1.4H, whereas the downstream slope is 1V:1.5H.

At the mid-axis, the dam body is equipped with 30 settlement cells, installed in 4
horizontal levels. All settlement cells are also mated with horizontal displacement

meters.
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The proposed algorithm was run with the dimensions of Zipingpu Dam and a six-
horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 29 sensors on 6 horizontal
projections. The comparison and the cost of the existing and proposed configuration

is presented in Table 5.3.

Table 5.3 Comparison of existing and proposed configurations of

Zipingpu Dam
Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST ($) Layer | h*(m) | N | COST ($)
1 32.0 10 1 40.7 6
2 68.0 9 2 59.9 6
3 92.0 7 3 79.2 5
4 122.0 4 4 98.4 5
5 117.6 | 4
6 136.8 3
TOTAL 30 | 45,176.80 TOTAL 29 | 38,724.80

It can be observed that the number of instruments are very close in the existing and
proposed configurations. However, because of having fewer horizontal layers, the cost
of the existing configuration is more than the cost of the proposed configuration. This

is an expected result because of the dominance of the cost of the cable.

As a summary, it can be said that the result of the algorithm decreases the cost of the
instrumentation system while maintaining the accuracy of the modelling of stress

behaviour within the dam body.
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5.2.4 Tianshenggiao-1 Dam, China

Tianshenggiao-1 Dam is a 176 m-high CFRD from foundation and located on the
Nanpan river. At the maximum cross-section, the dam body is equipped with 16
settlement cells for vertical strain (settlement) monitoring. Vertical displacement

sensors are placed in 4 horizontal levels.

The proposed algorithm was run with the dimensions of Tianshenggiao-1 Dam and a
six-horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 32 sensors on 6 horizontal
projections. The comparison and the cost of the existing and proposed configuration

Is presented in Table 5.4.

Table 5.4 Comparison of existing and proposed configurations of Tianshenggiao-I

Dam
Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST (%) Layer | h*(m) | N | COST ($)

1 50.0 1 1 46.0 7
2 77.0 6 2 67.7 6
3 1100 | 6 3 89.5 6
4 143.0 3 4 111.2 5

5 132.9 4

6 154.6 4

TOTAL 16 23,594.00 TOTAL 32 45,219.20

The existing configuration of the Tianshenggiao-1 Dam comprises considerably less
amount of sensors compared to the proposed configuration. A high CFRD, such as
Tianshenggiao-1 Dam should have been monitored in more detail. However, this result

might also be related with the sensor availability and the unit prices of the sensors
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during the era when the dam is constructed (between 1992-1998). It can be easily said
that the proposed algorithm will provide a much better visualization of the overall

stress behaviour within the dam body.

5.2.5 Berg River Dam, South Africa

Berg River Dam is a 67 m-high dam on the Berg River. It was constructed between
2004 and 2009. The existing configuration consists of 12 sensors located on 3 layers.
The first layer has 6 sensors, the second one has 4 sensors, and the last one has 2

Sensors.

The proposed algorithm was executed with the dimensions of Berg River Dam and a
three-horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 11 sensors on 3 horizontal
projections. The proposed configuration can be considered as similar to the existing

case.

5.2.6 Kiirtiin Dam, Turkey

Kiirtiin Dam is a 133 m-high dam from foundation. It is located on the Harsit River.
The existing configuration, excluding the contact pressure cells at the face slab,

comprises 7 total pressure cells and 12 settlement cells on 4 layers.

The comparison of the existing and proposed configurations is presented in Table 5.5.
The proposed algorithm output for a dam with similar dimensions consist of 22 sensors
for stress monitoring on 5 horizontal projections. The algorithm recommends 3 more
sensors in a symmetrical placement. The cost of existing and proposed configurations

are very close to each other.

119



Table 5.5 Comparison of existing and proposed configurations of Kiirtiin Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST ($) Layer | h*(m) | N | COST ($)

1 38.0 7 1 41.3 6
2 58.0 7 2 59.7 5
3 83.0 4 3 78.0 4
4 108.0 1 4 96.3 4

5 114.7 3

TOTAL 19 25,407.28 TOTAL 22 25,908.08

5.2.7 Nam Ngum 2 Dam, Laos

Nam Ngum 2 Dam is a 181 m-high dam from foundation. The construction was
completed on 2011. It is located on the Nam Ngum River. The existing configuration
consists of 14 sensors located on 3 layers. The first layer has 3 sensors, second one has

6, and the last one has 5 sensors.

Table 5.6 Comparison of existing and proposed configurations of Nam Ngum 2 Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST ($) Layer | h*(m) | N | COST ()
1 7.0 3 1 37.9 7
2 59.0 6 2 61.7 7
3 119.0 5 3 85.6 6

4 109.4 5

5 133.3 5

6 157.1 4

TOTAL 14 20,441.40 TOTAL 34 53,892.83
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The proposed algorithm was executed with the dimensions of Nam Ngum 2 Dam and
a six-horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 34 sensors. It can be said that Nam
Ngum 2 Dam is under-instrumented comparing with the other CFRDs. The

comparison of the existing and proposed configurations is presented in Table 5.6.

5.2.8 Cethana Dam, Australia

Cethana Dam is a 110 m-high dam from foundation. It is located on the Forth River at
north-western Tasmania. The construction was completed on 1971. The existing
configuration comprises 4 total pressure cells on 2 layers. Comparison of the existing

and proposed configurations is presented in Table 5.7.

Table 5.7 Comparison of existing and proposed configurations of Cethana Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST () Layer | h*(m) | N | COST ()
1 25.0 2 1 31 5
2 50.0 2 2 46.8 5
3 62.6 4
4 78.4 4
5 94.2 3
TOTAL 4 5,216.70 TOTAL 21 40,149.66

The proposed algorithm output for a dam with similar dimensions consist of 21 sensors
for stress monitoring on 5 horizontal projections. Because of being a relatively old

dam, Cethana Dam is under-instrumented when compared to the more recent designs.
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5.2.9 Salvajina Dam, Colombia

Salvajina Dam is a 148 m-high dam from foundation. The construction was completed
on 1985. It is located on the Cauca River. The existing configuration consists of 25

sensors located on 6 layers.

The proposed algorithm was executed with the dimensions of Salvajina Dam and a
six-horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 29 sensors. The number of sensors
are close to each other in both configurations. The comparison of the existing and

proposed configurations is presented in Table 5.8.

Table 5.8 Comparison of existing and proposed configurations of Salvajina Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST (%) Layer | h*(m) | N | COST (3)
1 31.0 3 1 38.29 6
2 47.0 8 2 56.57 6
3 61.0 3 3 74.86 5
4 80.0 6 4 93.14 5
5 94.0 1 5 11143 | 4
6 110.0 | 4 6 129.71 | 3
TOTAL 25 29,591.41 TOTAL 29 37,968.13

5.2.10 Xing6 Dam, Brazil

Xingd Dam is a 150 m-high dam from foundation. It is located on the Sao Francisco
River. The construction was completed on 1994. The existing configuration comprises

12 sensors on 3 layers.
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The proposed algorithm was executed with the dimensions of Xingé Dam and a six-
horizontal layer configuration was obtained. The algorithm recommended that a
similar dam cross-section should be equipped with 33 sensors The comparison of the
existing and proposed configurations is presented in Table 5.9. It can be said that

Xing6 Dam is under-instrumented according to the algorithm results.

Table 5.9 Comparison of existing and proposed configurations of Xingdé Dam

Existing Configuration Proposed Configuration
Layer | h*(m) | N | COST ($) Layer | h*(m) | N | COST ($)
1 55 5 1 29.1 7
2 85 4 2 49.3 6
3 110 3 3 69.4 6
4 89.6 5
5 109.7 | 5
6 1299 | 4

TOTAL 12 13,430.40 TOTAL 33 48,404.83

5.3 Comparison of the Results

The outputs of the algorithm have already been compared with the existing
configurations. Results of the comparisons are outlined in Table 5.10 together with the

results obtained from Eqns. 3.1 and 3.2.

The total number of sensor outputs of the proposed configuration and the results of the
preliminary equation were observed to give close results for the dam heights, H, higher
than 100 m. However, the preliminary information obtained from Eqns. 3.1 and 3.2

tends to propose fewer sensors for the dam heights, Ht, lower than 100 m.
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Table 5.10 Comparison of different configurations

M Nt Existing Proposed
Dam H:(m) | (Eqn. | (Egn.

3.1) 3.2) M | Nr | M | Nr | e(%)
Shuibuya 233 5 37 5 38 6 35 1.38
Tanyeri 103.5 3 13 3 22 5 21 0.15
Zipingpu 156 4 23 4 30 6 29 | 0.79
Tianshenggiau-I 176 4 27 4 16 6 32 0.99
Berg River 67 3 6 3 12 3 11 0.24
Kiirtiin 133 4 18 4 21 5 21 0.68
Nam Ngum 2 181 4 22 3 14 6 34 0.97
Cethana 110 3 11 2 4 5 21 0.27
Salvajina 148 4 17 6 25 6 29 0.70
Xingo6 150 4 17 3 12 6 33 0.66

A more realistic comparison could have been made if the errors of both existing and
proposed configurations were considered. However, in most of the existing
configurations, the sensors are not placed according to the symmetrical arrangement
on a particular horizontal layer as proposed in this study. Since the developed
algorithm is only capable of assessing the error of the aforementioned placement
within a dam cross-section, the errors for the existing configurations were not

computed.
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CHAPTER 6

CONCLUSIONS

6.1 Conclusions

There is not a widely accepted rule set for placement of the sensors within a dam body.
The current applications are generally influenced from the past practices and expert
judgments. This gap in the related literature enforced the current study to develop an
algorithm for optimal design of a stress/strain monitoring system for a CFRD. With
this motivation, an algorithm for optimal design of stress monitoring system of a
CFRD was developed. This algorithm can be used as a decision support tool during
the design of the configuration of the stress measuring sensors of the instrumentation

system.

A number of assumptions were made throughout the course of this study. The dam
body is assumed as a homogeneous fill with having symmetrical side slopes of
1V:1.5H and a constant freeboard. The rockfill was modelled with the hardening soil

model.

The software PLAXIS was executed for various dam heights, Hz, from 40 m to 200 m
with 20 m-increments to obtain effective stress distribution throughout the dam body.
The relation between the dam height Hr and H: was obtained using the geometric

characteristics of existing rockfill dams of Turkey.
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Study of vertical projection of the effective stress distribution at the mid-axis of the
dam body provided a mean for determining the number of horizontal layers to be
equipped with sensors within the dam body. Three different approaches were
considered in the developmental stage of the algorithm and the third approach was
chosen to be employed in the algorithm development process with respect to lowest

error involved in the modelling.

Effective stress distribution on any horizontal projection was modelled with a six-
degree polynomial (Eqn. 4.22). The numerical terms of the aforementioned
polynomial were defined as a nine-degree polynomial of the geometrical features of

the CFRD cross-section.

The optimization algorithm was formed by the minimization of the sum of cost of
equipment and cost of penalty. Cost of penalty was defined as a measure of how well
the pressure distribution is represented by the instrument configuration concerned. The
actual stress distribution is of a high degree polynomial. However, the output of an
instrumentation system compromise a finite number of sensors connected to each other
with straight lines. Cost of penalty was defined as the multiplication of the percent
difference between the true vertical effective force and the modelled vertical effective
force by the instrumentation system and the cost difference between the system with

maximum and minimum allowed number of sensors.

In this algorithm, the cost of the instrumentation system and the error that will result
from the modelling of true stress distribution as a piece-wise linear distribution is
considered. The outcomes of this could provide a basis for number of sensors and their
locations in the design stage of instrumentation system of CFRDs ranging from 40 m

to 200 m. The results of the proposed configurations are given in Table 4.13.
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Effect of seepage and earthquake loading were evaluated. It was observed that the
proposed sensor layout is capable of capturing the effective stress decrease caused
from a possible seepage. The extreme horizontal displacements of the dam body
induced by earthquake effects were compared before and after the earthquake cases
and it was observed that the residual earthquake displacement after the earthquake was
smaller than 1 cm. Effect of alternative placement of sensors was also studied and it
was concluded that the optimal solution gave the best placement combination having

lowest percent modelling error and lowest cost per instrument.

The use of the proposed model was tested by applying it to a number of existing dams.
The algorithm generally recommended more horizontal projections for a dam body
with similar dimensions. The outputs of the algorithm were also observed to give less

cost compared to the existing cases.

It is believed that this algorithm would provide a basis for the future enhancements
and the further developments would make it a universally accepted practice which can

be employed quickly and easily.

6.2 Recommendations for Future Studies

In a possible future research, the proposed algorithm can be enriched with the inclusion
of other types of instruments, such as piezometers for placing in foundation and body
fill. Placement of the strain meters and joint meters to the face slab could be a subject
of another optimization study. Some parameters were kept constant during the
development of this algorithm, such as crest width, upstream and downstream side
slopes, freeboard, and material properties. The effect of the variation of these
parameters on the algorithm results may also be studied in order to determine whether

they have a significant effect on the placement of the sensors or not.
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A similar procedure can also be developed for concrete type of dams. Concrete dams
are more sensitive to the changes at stress levels because of being slenderer structures
compared to the embankment dams. Since concrete is a more homogeneous material
than embankment fill material, the assumptions related with the material properties

could be eliminated during the development of the algorithm.
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APPENDIX A

In Table A.1 the complete price list of all instruments mentioned in this study are given
in U.S. Dollars (USD, $) with reference to 11C (2007).

Table A.1 Unit prices of instruments

Equipment Type Unit price per item ($)
VW Pressure Cell 670.00
VW Piezometer 455.00
V-Notch Weir and Automatic VW
Readout Unit 2440.00
Automatic VW Weir Readout Unit 2,177.00
Parshall Flume and Automatic VW
Readout Unit 2,672.00
Surface Mount VW Joint meter 625.00
Accelerometer 12,795.00
Common Triggering Unit and Data 27.047.00
Recorder for Accelerometers
Surface Mount Clinometer
(Tiltmeter) 1.020.00
Instrument Cable 5.60 per meter
Cable Carrier Tray 30.00 per meter
Multiplexer 5,031.00
Data Logger 17,173.00
Software 18,533.00
Handheld Data Readout 6,398.00
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APPENDIX B

Table B.1 Hr and Ht values of the rockfill dams in Turkey (DSI, 2012)

Name of the Dam | Hf (m) | H¢ (m)
Hirfanh 83.0 78.0
Sille 40.0 39.0
Mamasin 48.4 449
Altinapa 31.5 30.5
Devegecidi 34.8 32.8
Hasanlar 72.8 70.8
Keban 207.0 163.0
Balgova 73.4 63.4
Hasan Ugurlu 175.0 135.0
Bozkir 52.1 47.1
Suat Ugurlu 51.0 38.0
Doganci 82.0 64.0
Alaca 57.0 44.3
Belpinar 61.2 58.2
Camlidere 106.2 101.7
Germectepe 49.0 415
Kalecik 80.0 77.0
Kozlu 61.3 60.2
Godet 93.0 64.0
Kestel 65.0 62.5
Altinkaya 195.0 140.0
Geyik 41.0 39.0
Gokge 61.0 50.0
Hacihidir 38.6 32.0
Kilickaya 134.0 103.0
Menzelet 156.5 136.5
Adigiizel 145.0 144.0
Derbent 33.0 29.0
Atatiirk 169.0 166.0
Murtaza 41.0 38.0
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Table B.1 (continued)

Name of the Dam | Hs (m) | H¢ (m)
Beyler 40.0 31.0
Catak 35.0 33.0
Kizilcapinar 60.3 54.3
Kuzgun 120.0 114.0
Tahtal1 57.5 54.5
Sazlidere 47.0 23.0
Madra 106.0 86.0
Armagan 60.5 57.5
Ozliice 1440 | 124.0
Yayladag 47.4 44.4
Siddikli 53.0 50.2
Bakacak 60.0 48.0
Sorgun 45.0 33.5
Birecik (1) 63.5 535
Kizildamlar 46.7 40.0
Kiirtiin 133.0 110.0
Bahgelik 63.5 53.0
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APPENDIX C

Table C.1 Horizontal effective stresses of 40-m-high cross-section

x(m) | y(m) | o (kN/m?)
98.00 46.40 -2.88
98.00 44.63 -28.14
98.00 44.63 -28.27
98.00 41.93 -65.38
98.00 41.93 -65.37
98.00 39.18 -101.38
98.00 39.18 -101.39
98.00 37.09 -127.91
98.00 37.09 -127.92
98.00 33.54 -172.11
98.00 33.54 -172.10
98.00 32.24 -188.05
98.00 32.24 -188.05
98.00 30.53 -209.40
98.00 30.53 -209.39
98.00 28.29 -237.14
98.00 28.29 -237.15
98.00 26.66 -257.91
98.00 26.66 -257.88
98.00 25.38 -274.24
98.00 25.38 -274.28
98.00 23.17 -303.14
98.00 23.17 -303.14
98.00 21.92 -319.81
98.00 21.92 -319.79
98.00 19.18 -357.74
98.00 19.18 -357.76
98.00 17.35 -383.85
98.00 17.35 -383.89
98.00 16.53 -395.77
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Table C.1 (continued)

x(m) | ym) | o} (kN/m?)
98.00 16.53 -395.72
98.00 13.75 -437.83
98.00 13.75 -437.89
98.00 11.59 -471.66
98.00 11.59 -471.69
98.00 10.68 -486.44
98.00 10.68 -486.46
98.00 7.75 -535.20
98.00 7.75 -535.19
98.00 4.33 -595.55
98.00 433 -595.62
98.00 3.57 -609.48
98.00 3.57 -609.51
98.00 2.87 -622.62
98.00 2.87 -622.57
98.00 0.00 -676.83

Table C.2 Horizontal effective stresses of 60-m-high cross-section

x(m) | y(m) | aj (kN/m?)

129.90 | 69.60 -12.10
12990 | 63.95 -80.77
129.90 | 63.95 -719.74
129.90 | 63.06 -90.52
129.90 | 63.06 -91.82
12990 | 6241 -99.84
129.90 | 6241 -99.94
129.90 | 60.18 -127.25
129.90 | 60.18 -127.21
129.90 | 54.74 -192.68
129.90 | 54.74 -192.65
129.90 | 52.32 -221.42
129.90 | 52.32 -221.36
129.90 | 49.84 -250.59
129.90 | 49.84 -250.65
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Table C.2 (continued)

x(m) | ym) | o (kN/m?)

129.90 46.52 -289.79
129.90 46.52 -289.77
129.90 44.81 -310.23
129.90 4481 -310.29
129.90 41.96 -344.23
129.90 41.96 -344.25
129.90 37.50 -399.03
129.90 37.50 -399.12
129.90 36.79 -408.10
129.90 36.79 -408.07
129.90 32.29 -465.55
129.90 32.29 -465.53
129.90 27.93 -524.55
129.90 27.93 -524.44
129.90 25.63 -556.63
129.90 25.63 -556.72
129.90 21.18 -621.23
129.90 21.18 -621.21
129.90 18.29 -665.28
129.90 18.29 -665.26
129.90 15.76 -705.07
129.90 15.76 -705.06
129.90 11.72 -771.61
129.90 11.72 -771.66
129.90 10.91 -785.30
129.90 10.91 -785.28
129.90 9.94 -801.94
129.90 9.94 -802.00
129.90 493 -890.36
129.90 4.93 -890.38
129.90 1.71 -950.53
129.90 1.71 -950.45
129.90 0.00 -983.04
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Table C.3 Horizontal effective stresses of 80-m-high cross-section

x(m) | ym) | o} (kN/m?)

162.24 92.80 -17.04
162.24 88.45 -67.12
162.24 88.45 -67.55
162.24 86.13 -93.51
162.24 86.13 -92.00
162.24 84.32 -113.45
162.24 84.32 -113.41
162.24 78.94 -176.10
162.24 78.94 -176.13
162.24 71.68 -260.91
162.24 71.68 -260.97
162.24 71.05 -268.29
162.24 71.05 -268.29
162.24 70.58 -273.70
162.24 70.58 -273.56
162.24 63.13 -359.68
162.24 63.13 -359.79
162.24 62.43 -367.92
162.24 62.43 -367.89
162.24 56.23 -441.01
162.24 56.23 -440.97
162.24 53.25 -477.04
162.24 53.25 -477.11
162.24 49.03 -528.78
162.24 49.03 -528.77
162.24 4558 -572.76
162.24 45.58 -572.73
162.24 41.03 -632.33
162.24 41.03 -632.43
162.24 36.45 -695.17
162.24 36.45 -695.08
162.24 31.89 -760.38
162.24 31.89 -760.43
162.24 28.77 -806.26
162.24 28.77 -806.25
162.24 25.83 -851.28
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Table C.3 (continued)

x(m) | ym) | o (kN/m?)

162.24 25.83 -851.31
162.24 19.74 -947.98
162.24 19.74 -947.96
162.24 13.69 -1050.30
162.24 13.69 -1050.42
162.24 9.00 -1133.02
162.24 9.00 -1133.07
162.24 4.16 -1223.09
162.24 4.16 -1222.91
162.24 0.00 -1302.50

Table C.4 Horizontal effective stresses of 100-m-high cross-section

x(m) | y(m) | o (kN/m?)

195.31 | 116.00 -14.31
195.30 | 109.26 -89.62
195.30 | 109.26 -95.60
195.30 | 108.94 -102.04
195.30 | 108.94 -97.24
195.30 | 108.75 -99.24
195.30 | 108.75 -98.50
195.29 | 101.34 -182.65
195.29 | 101.34 -182.60
195.28 96.43 -239.06
195.28 96.43 -239.08
195.28 93.34 -274.00
195.28 93.34 -274.06
195.27 88.26 -331.81
195.27 88.26 -331.67
195.27 86.27 -354.20
195.27 86.27 -354.24
195.27 85.49 -363.09
195.27 85.49 -363.09
195.26 79.22 -434.71
195.26 79.22 -434.71
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Table C.4 (continued)

x(m) | ym) | o} (kN/m?)

195.26 77.76 -451.58
195.26 77.76 -451.59
195.25 71.72 -522.10
195.25 71.72 -522.14
195.25 69.90 -543.57
195.25 69.90 -543.58
195.24 66.33 -586.50
195.24 66.33 -586.49
195.24 62.84 -628.89
195.24 62.84 -628.92
195.23 56.07 -714.01
195.23 56.07 -714.11
195.23 55.46 -721.82
195.23 55.46 -721.76
195.23 53.07 -753.18
195.23 53.07 -753.23
195.22 46.40 -842.86
195.22 46.40 -842.96
195.22 45.08 -861.28
195.22 45.08 -861.21
195.21 41.73 -908.92
195.21 41.73 -908.95
195.20 34.83 -1010.00
195.20 34.83 -1010.06
195.20 31.87 -1055.41
195.20 31.87 -1055.42
195.19 24.78 -1168.28
195.19 24.78 -1168.28
195.18 21.81 -1217.44
195.18 21.81 -1217.47
195.17 14.13 -1350.01
195.17 14.13 -1350.13
195.17 13.47 -1361.82
195.17 13.47 -1361.78
195.17 9.29 -1437.60
195.17 9.29 -1437.58
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Table C.4 (continued)

x(m) | ym) | o (kN/m?)

195.16 5.63 -1505.31
195.16 5.63 -1505.43
195.16 511 -1515.27
195.16 5.11 -1515.23
195.16 0.00 -1613.15

Table C.5 Horizontal effective stresses of 120-m-high cross-section

x(m) | y(m) | o (kN/m?)

227.88 | 139.20 -13.21
227.95| 134.83 -87.47
227.95| 134.83 -85.78
228.06 | 127.79 -148.62
228.06 | 127.79 -146.82
228.13 | 123.10 -198.20
228.13 | 123.10 -198.35
228.23 | 116.11 -274.23
228.23 | 116.11 -274.34
228.31 | 110.75 -332.66
228.31 | 110.75 -332.48
228.43 | 102.79 -421.14
228.43 | 102.79 -421.20
228.46 | 100.88 -442 .51
228.46 | 100.88 -442 .52
228.52 96.83 -488.00
228.52 96.83 -487.96
228.58 92.71 -534.56
228.58 92.71 -534.57
228.63 89.74 -568.54
228.63 89.74 -568.50
228.69 85.84 -613.27
228.69 85.84 -613.29
228.74 82.51 -652.21
228.74 82.51 -652.36
228.83 76.57 -722.32
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Table C.5 (continued)

x(m) | ym) | o} (kN/m?)

228.83 76.57 -122.37
228.87 73.80 -755.65
228.87 73.80 -755.66
228.92 70.03 -802.02
228.92 70.03 -801.92
229.02 63.64 -882.61
229.02 63.64 -882.70
229.10 58.46 -951.99
229.10 58.46 -952.01
229.15 55.37 -993.93
229.15 55.37 -993.95
229.18 52.88 -1028.66
229.18 52.88 -1028.71
229.29 46.00 -1127.09
229.29 46.00 -1127.09
229.37 40.68 -1206.55
229.37 40.68 -1206.54
229.39 38.98 -1232.27
229.39 38.98 -1232.25
229.45 34.91 -1295.71
229.45 34.91 -1295.76
229.53 29.90 -1375.58
229.53 29.90 -1375.67
229.55 28.64 -1396.21
229.55 28.64 -1396.17
229.61 24.46 -1465.77
229.61 24.46 -1465.79
229.70 18.55 -1566.76
229.70 18.55 -1566.86
229.73 16.38 -1605.09
229.73 16.38 -1605.12
229.83 9.64 -1726.59
229.83 9.64 -1726.61
229.91 4.39 -1824.91
229.91 4.39 -1824.94
229.98 0.00 -1909.13
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Table C.6 Horizontal effective stresses of 140-m-high cross-section

x(m) | ym) | o (kN/m?)

259.79 | 162.40 -14.42
259.80 | 157.83 -99.28
259.80 | 157.83 -95.09
259.85 | 147.27 -188.46
259.85 | 147.27 -187.77
259.86 | 144.39 -219.15
259.86 | 144.39 -218.89
259.87 | 140.47 -261.34
259.87 | 140.47 -261.58
259.90 | 133.45 -337.89
259.90 | 133.45 -337.81
259.92 | 128.56 -391.29
259.92 | 128.56 -391.19
259.94 | 123.71 -443.88
259.94 | 123.71 -444.03
259.96 | 118.09 -505.08
259.96 | 118.09 -505.07
259.99 | 109.99 -595.40
259.99 | 109.99 -595.44
260.00 | 109.22 -604.16
260.00 | 109.22 -604.10
260.01 | 105.71 -643.75
260.01 | 105.71 -643.88
260.03 | 100.77 -700.36
260.03 | 100.77 -700.34
260.03 99.49 -715.21
260.03 99.49 -715.26
260.07 91.40 -810.00
260.07 91.40 -809.97
260.10 84.06 -899.54
260.10 84.06 -899.54
260.12 78.47 -969.01
260.12 78.47 -969.00
260.13 75.04 -1013.23
260.13 75.04 -1013.09
260.17 64.36 -1155.65
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Table C.6 (continued)

x(m) | ym) | o} (kN/m?)

260.17 64.36 -1155.76
260.18 62.35 -1183.42
260.18 62.35 -1183.44
260.23 51.22 -1342.71
260.23 51.22 -1342.78
260.23 50.26 -1356.98
260.23 50.26 -1357.12
260.23 50.03 -1360.45
260.23 50.03 -1360.15
260.27 40.06 -1512.59
260.27 40.06 -1512.63
260.31 31.31 -1653.92
260.31 31.31 -1654.14
260.31 31.22 -1655.67
260.31 31.22 -1655.67
260.31 31.14 -1656.91
260.31 31.14 -1656.65
260.34 22.24 -1807.75
260.34 22.24 -1807.77
260.36 17.20 -1896.69
260.36 17.20 -1896.67
260.38 11.63 -1997.47
260.38 11.63 -1997.50
260.42 3.26 -2154.43
260.42 3.26 -2154.44
260.43 0.00 -2217.14

Table C.7 Horizontal effective stresses of 160-m-high cross-section

x(m) | y(m) | op(kN/m?)

291.50 | 185.60 -23.71
291.52 | 174.65 -140.69
291.52 | 174.65 -143.40
291.52 | 171.72 -174.20
291.52 | 171.72 -172.20
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Table C.7 (continued)

x(m) | ym) | o (kN/m?)

291.53 | 169.22 -198.32
291.53 | 169.22 -198.75
291.54 | 158.44 -315.85
291.54 | 158.44 -315.88
291.55| 149.90 -410.40
291.55 | 149.90 -410.22
291.56 | 143.68 -478.78
291.56 | 143.68 -478.86
291.57 | 137.03 -552.47
291.57 | 137.03 -552.40
29158 | 128.72 -645.66
291.58 | 128.72 -645.67
291.58 | 127.57 -658.54
291.58 | 127.57 -658.63
291.58 | 126.56 -670.14
291.58 | 126.56 -670.10
291.60 | 116.83 -780.35
291.60 | 116.83 -780.35
291.61 | 106.24 -904.75
291.61 | 106.24 -904.68
291.62 | 102.72 -946.53
291.62 | 102.72 -946.60
291.62 99.05 -991.02
291.62 99.05 -991.09
291.63 88.77 -1117.78
291.63 88.77 -1117.79
291.64 80.92 -1219.78
291.64 80.92 -1219.71
291.65 78.23 -1255.39
291.65 78.23 -1255.51
291.66 70.68 -1357.84
291.66 70.68 -1357.78
291.66 66.84 -1411.60
291.66 66.84 -1411.71
291.67 61.03 -1494.30
291.67 61.03 -1494.31
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Table C.7 (continued)

x(m) | ym) | o} (kN/m?)

291.68 56.88 -1555.16
291.68 56.88 -1555.15
291.69 47.29 -1700.81
291.69 47.29 -1700.82
291.69 43.91 -1753.76
291.69 43.91 -1753.80
291.71 32.76 -1935.16
291.71 32.76 -1935.39
291.71 32.26 -1943.63
291.71 32.26 -1943.53
291.71 30.77 -1968.87
291.71 30.77 -1968.86
291.72 21.13 -2135.14
291.72 21.13 -2135.15
291.73 17.39 -2202.30
291.73 17.39 -2202.40
291.74 10.50 -2327.95
291.74 10.50 -2327.95
291.75 3.74 -2455.47
291.75 3.74 -2455.44
291.75 0.00 -2527.29

Table C.8 Horizontal effective stresses of 180-m-high cross-section

x(m) | y(m) o}, (KN/m?)

325.27 | 208.80 -12.20
325.26 | 202.91 -119.37
325.26 | 202.91 -120.35
325.25 | 199.11 -136.31
325.25 | 199.11 -138.50
325.22 | 190.48 -218.05
325.22 | 190.48 -218.90
325.22 | 190.23 -221.62
325.22 | 190.23 -221.63
325.20 | 179.78 -333.18
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Table C.8 (continued)

x(m) | ym) | o (kN/m?)

325.20 | 179.78 -333.05
325.18 | 173.92 -397.79
325.18 | 173.92 -397.64
325.16 | 164.01 -507.13
325.16 | 164.01 -506.99
325.15| 161.84 -530.89
325.15| 161.84 -530.90
325.13 | 154.41 -612.69
325.13 | 154.41 -612.67
325.11 | 145.44 -712.90
325.11 | 145.44 -712.92
325.10 | 143.20 -738.02
325.10 | 143.20 -738.21
325.10 | 142.08 -750.80
325.10 | 142.08 -750.70
325.08 | 134.15 -840.92
325.08 | 134.15 -840.85
325.06 | 128.77 -902.74
325.06 | 128.77 -902.90
325.06 | 127.87 -913.31
325.06 | 127.87 -913.24
325.03 | 116.29 -1049.24
325.03 | 116.29 -1049.21
325.02 | 111.25 -1110.01
325.02 | 111.25 -1110.00
325.00 | 104.23 -1195.91
325.00 | 104.23 -1195.95
324.97 94.54 -1318.90
324.97 94.54 -1318.99
324.97 92.84 -1341.13
324.97 92.84 -1341.22
324.97 91.84 -1354.33
324.97 91.84 -1354.21
324.93 78.39 -1535.49
324.93 78.39 -1535.51
324.92 75.14 -1581.03
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Table C.8 (continued)

x(m) | ym) | o} (kN/m?)

324.92 75.14 -1581.11
324.90 66.07 -1711.05
324.90 66.07 -1711.02
324.87 55.40 -1871.52
324.87 55.40 -1871.56
324.86 52.11 -1922.30
324.86 52.11 -1922.37
324.86 48.91 -1973.00
324.86 48.91 -1972.99
324.83 37.56 -2156.92
324.83 37.56 -2156.94
324.80 28.11 -2318.18
324.80 28.11 -2318.17
324.79 25.36 -2366.07
324.79 25.36 -2366.14
324.79 22.22 -2421.93
324.79 22.22 -2421.98
324.76 13.74 -2575.13
324.76 13.74 -2575.20
324.74 3.32 -2771.28
324.74 3.32 -2771.28
324.73 0.00 -2835.09

Table C.9 Horizontal effective stresses of 200-m-high cross-section

x(m) | y(m) | op (kN/m?)

357.50 | 232.00 -17.10
357.53 | 222.43 -143.70
357.53 | 222.43 -149.82
357.54 | 218.26 -173.93
35754 | 218.26 -174.53
357.56 | 208.05 -278.30
357.56 | 208.05 -278.82
357.58 | 200.90 -353.13
357.58 | 200.90 -354.97
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Table C.9 (continued)

x(m) | ym) | o (kN/m?)

357.59 | 198.87 -377.57
357.59 | 198.87 -376.67
357.63 | 182.97 -550.52
357.63 | 182.97 -550.25
357.63 | 181.66 -564.71
357.63 | 181.66 -564.89
357.63 | 181.38 -567.90
357.63 | 181.38 -567.57
357.67 | 166.87 -726.11
357.67 | 166.87 -726.15
357.69 | 158.03 -825.50
357.69 | 158.03 -825.23
357.72 | 148.72 -931.11
357.72 | 148.72 -931.09
357.73 | 143.28 -993.23
357.73 | 143.28 -993.28
357.76 | 134.63 -1094.47
357.76 | 134.63 -1094.39
357.77 | 130.15 -1147.26
357.77 | 130.15 -1147.31
357.81 | 113.29 -1352.42
357.81 | 113.29 -1352.52
357.82 | 111.99 -1368.66
357.82 | 111.99 -1369.34
357.82 | 111.83 -1371.29
357.82 | 111.83 -1371.21
357.82 | 111.66 -1373.36
357.82 | 111.66 -1372.74
357.88 89.42 -1664.92
357.88 89.42 -1665.14
357.88 86.75 -1701.96
357.88 86.75 -1701.83
357.94 66.53 -1993.44
357.94 66.53 -1993.87
357.94 66.28 -1997.68
357.94 66.28 -1998.26
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Table C.9 (continued)

x(m) | ym) | o} (kN/m?)

357.94 66.24 -1998.77
357.94 66.24 -1997.83
357.94 65.91 -2002.89
357.94 65.91 -2002.83
357.97 54.00 -2187.42
358.00 42.09 -2379.63
358.00 42.09 -2380.10
358.01 39.89 -2416.76
358.01 39.89 -2416.53
358.02 35.56 -2490.27
358.02 35.56 -2490.59
358.07 16.33 -2828.62
358.07 16.33 -2828.82
358.10 3.86 -3063.55
358.10 3.86 -3063.13
358.11 0.00 -3137.17
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APPENDIX D

Table D.1 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 60-m-

high cross-section

h* = 14.965 m h*=21023 m h*=32.023 m h*=38.022 m
| gy | X | oamy | X | v | M| gounn
40548 | 5042 | 49634 | -7187| 66134| -11151| 75133| -8.613
41281 | -25361| 51983 | -55.988 | 66664 | -20072| 75.141| -8.769
41281 | -24202| 51983 | -55.701| 66664 | -21.327| 75141| -8.737
43635 | -69.956 | 55130 | 102725 | 71207 | -88.859 | 77.522| -48.958
43635 | -69.301| 55130 | 102193 | 71207 | -88.735| 77.522| -48.908
46326 | -114383| 56702 | 123388 | 71723 | -94.859| 81311 | -96450
46326 | -113775 | 56702 | 124012 | 71723| -94.983| 81311 | -96523
47329 | -128010 | 58.248 | -144227 | 76156 | -145.183 | 82744 | -112.123
47329 | -127.477| 58248 | 143635 | 76156 | -145.216 | 82744 | -112.055
50543 | -170456 | 63.216 | -200.440 | 82328 | -207.779 | 86.191 | -147.476
50543 | -170385 | 63.216 | -200.409 | 82328 | -207.765 | 86.191 | -147.471
53810 | 208322 | 64.651 | -216.006 | 82750 | 211903 | 89.255 | -177.476
53810 | 208344 | 64651 | -216.101 | 82750 | -211.823 | 89.255 | -177.424
56.231 | 235002 | 70.074 | -270.968 | 83058 | 214782 | 90.016 | -184.693
56231 | -235.161 | 70074 | 271002 | 83.058 | -214790 | 90.016 | -184.742
61208 | -287.073 | 72201 | -202.705 | 89.140 | 270305 | 97.365 | -249.128
61208 | -287.014 | 72201 | -202.668 | 89.140 | 270339 | 97.365 | -248.941
61761 | -291.644 | 76.430 | 331600 | 92.154 | -296.060 | 97.451 | -249.650
61761 | -291.598 | 76.430 | -331604 | 92.154 | -296.078 | 97.451 | -249.587
64148 | -315012 | 77011 | -345267 | 93.637 | -308.203 | 97.461 | -249.663
64148 | -314.994 | 77011 | -345276 | 93.637 | -308.294 | 97.461 | -249.780
66572 | -338549 | 81833 | -380.498 | 96102 | -327.698 | 97.475 | -249.892
66572 | -338560 | 81833 | -380.510 | 96102 | -327.694 | 97.475 | -249.928
67.178 | -344.430 | 83.362 | -393.922 | 98.288 | -344.303 | 103.460 | -294.945
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Table D.1 (continued)

h* =14.965 m h*=21.023 m h*=32.023 m h* =38.022 m
M) | iy | X | o x| xm) | e
67.178 | -344.415 83.362 | -393.937 98.288 | -344.300 103.460 | -294.916
70.957 | -380.633 86.476 | -420.522 99.220 | -351.111 105.005 | -305.339
70.957 | -380.636 86.476 | -420.497 99.220 | -351.144 105.005 | -305.358
75.390 | -422.162 88.620 | -438.266 103.367 | -379.531 109.842 | -334.881
75.390 | -422.192 88.620 | -438.297 103.367 | -379.511 109.842 | -334.853
75.739 | -425.401 91.240 | -459.134 105.204 | -391.136 110.667 | -339.392
75.739 | -425.384 91.240 | -459.182 105.204 | -391.146 110.667 | -339.443
76.049 | -428.254 94.042 | -480.601 109.732 | -416.693 111.426 | -343.357
76.049 | -428.273 94.042 | -480.551 109.732 | -416.584 111.426 | -343.393
79.816 | -462.460 97.216 | -503.462 109.864 | -417.273 117.199 | -369.172
79.816 | -462.483 97.216 | -503.473 109.864 | -417.273 117.199 | -369.159
82.381 | -484.969 100.607 | -526.105 109.931 | -417.602 118.714 | -374.390
82.381 | -485.028 100.607 | -526.119 109.931 | -417.680 118.714 | -374.390
83.635 | -495.858 104.323 | -548.663 114.755 | -439.635 124.089 | -388.099
83.635 | -495.812 104.323 | -548.685 114.755 | -439.620 124.089 | -388.018
86.913 | -523.385 107.029 | -563.463 116.263 | -445.225 124.353 | -388.440
86.913 | -523.393 107.029 | -563.414 116.263 | -445.225 124.353 | -388.478
90.608 | -552.802 110.777 | -581.465 120.136 | -457.200 125.389 | -389.819
90.608 | -552.819 110.777 | -581.501 120.136 | -457.228 125.389 | -389.807
94.045 | -578.695 113.426 | -592.277 121.691 | -460.913 129.269 | -392.626
94.045 | -578.685 113.426 | -592.270 121.691 | -460.855 129.269 | -392.603
97.445 | -602.453 115.955 | -601.329 126.266 | -467.944 130.557 | -392.388
97.445 | -602.485 115.955 | -601.333 126.266 | -467.959 130.557 | -392.316
99.944 | -618.865 120.493 | -613.624 126.998 | -468.573 134.250 | -389.330
99.944 | -618.835 120.493 | -613.581 126.998 | -468.637 134.250 | -389.382
103.114 | -638.148 121.050 | -614.819 132.106 | -468.249 139.402 | -377.717
103.114 | -638.155 121.050 | -614.796 132.106 | -468.270 139.402 | -377.757
107.323 | -660.748 121.494 | -615.668 134.283 | -466.493 140.737 | -373.696
107.323 | -660.767 121.494 | -615.752 134.283 | -466.224 140.737 | -373.632
109.545 | -671.437 126.777 | -622.764 134.546 | -465.892 141.779 | -369.918
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Table D.1 (continued)

h* = 14.965 m h* =21.023 m h*=32.023m h* = 38.022 m
o, oy oy o,
XM | v | XM | gamy | XM | geimy | X™ | govim?

109.545 | -671.421 | 126.777 | -622.690 | 134.546 | -466.021 | 141.779 | -369.954

112.137 | -682.253 | 127.478 | -623.162 | 134.902 | -465.450 | 147.031 | -347.874

112.137 | -682.293 | 127.478 | -623.243 | 134.902 | -465.642 | 147.031 | -347.848

114.533 | -691.384 | 129.444 | -623.625 | 142.053 | -448.739 | 150.695 | -328.135

114.533 | -691.358 | 129.444 | -623.610 | 142.053 | -448.634 | 150.695 | -328.202

118.907 | -704.403 | 133.629 | -622.134 | 144.006 | -441.561 | 152.996 | -314.435

118.907 | -704.341 | 133.629 | -622.101 | 144.006 | -441.553 | 152.996 | -314.402

119.408 | -705.593 | 134.964 | -620.621 | 147.928 | -425.111 | 156.866 | -288.470

119.408 | -705.615 | 134.964 | -620.632 | 147.928 | -425.104 | 156.866 | -288.459

120.325 | -707.624 | 137.885 | -615.749 | 150.476 | -412.140 | 160.655 | -260.495

120.325 | -707.665 | 137.885 | -615.784 | 150.476 | -412.256 | 160.655 | -260.488

123.975 | -714.254 | 139.439 | -612.541 | 154.000 | -392.238 | 165.068 | -224.218

123.975 | -714.231 | 139.439 | -612.510 | 154.000 | -392.201 | 165.068 | -224.241

127.521 | -717.464 | 143.784 | -600.152 | 156.916 | -373.873 | 167.740 | -200.959

127521 | -717.427 | 143.784 | -600.159 | 156.916 | -373.895 | 167.740 | -200.950

127.704 | -717.518 | 144.988 | -595.984 | 161.078 | -344.730 | 172.673 | -154.530

127.704 | -717.558 | 144.988 | -595.969 | 161.078 | -344.726 | 172.673 | -154.511

131.759 | -717.634 | 150.016 | -575.051 | 163.375 | -327.605 | 173.711 | -144.297

131.759 | -717.689 | 150.016 | -575.021 | 163.375 | -327.591 | 173.711 | -144.306

133.954 | -715.969 | 150.447 | -572.952 | 166.489 | -302.819 | 174.448 | -137.086

133.954 | -715.920 | 150.447 | -572.981 | 166.489 | -302.841 | 174.448 | -137.247

136.868 | -712.230 | 154.777 | -550.470 | 168.628 | -285.080 | 181.575 | -55.542

136.868 | -712.221 | 154.777 | -550.504 | 168.628 | -285.051 | 181.575 | -55.428

139.533 | -706.889 | 160.301 | -516.253 | 170.798 | -266.347 | 183.193 | -34.894

139.533 | -706.934 | 160.301 | -516.274 | 170.798 | -266.345 | 183.193 | -34.206

141.249 | -702.762 | 161.947 | -505.276 | 172.950 | -247.360 | 184.867 -6.371

141.249 | -702.739 | 161.947 | -505.257 | 172.950 | -247.380

144645 | -692.282 | 163.965 | -490.852 | 177.848 | -201.619

144645 | -692.227 | 163.965 | -490.802 | 177.848 | -201.574

144732 | -691.923 | 169.081 | -452.237 | 178.509 | -195.229
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Table D.1 (continued)

h* = 14.965 m h* =21.023 m h*=32.023m
oy o, oy
XM | genmy | XM | genimz) | 5™ | gavim?

144732 | -691.965 | 169.081 | -452.243 | 178.509 | -195.232

148.603 | -676.991 | 172417 | -425.035 | 181.054 | -169.821

148.603 | -677.009 | 172.417 | -425.075 | 181.054 | -169.895

149.769 | -671.838 | 174.908 | -404.094 | 185.826 | -119.452

149.769 | -671.830 | 174.908 | -404.098 | 185.826 | -119.986

153.908 | -651.407 | 178.865 | -369.492 | 186.621 | -109.783

153.908 | -651.382 | 178.865 | -369.483 | 186.621 | -109.514

155.854 | -640.745 | 182.057 | -340.719 | 193.190 | -18.992

155.854 | -640.763 | 182.057 | -340.712 | 193.190 | -18.131

160.678 | -610.911 | 186.962 | -294.890 | 193.721 -9.197

160.678 | -610.905 | 186.962 | -294.864 | 193.721 -9.654

162.457 | -599.141 | 186.979 | -294.705 | 193.866 -6.890

162.457 | -599.129 | 186.979 | -294.735

163.902 | -588.970 | 192.720 | -238.413

163.902 | -588.982 | 192.720 | -238.324

169.085 | -550.771 | 193.659 | -228.877

169.085 | -550.755 | 193.659 | -228.931

172.024 | -527.239 | 196.714 | -196.636

172.024 | -527.274 | 196.714 | -196.848

175.076 | -501.935 | 201.545 | -142.162

175.076 | -501.904 | 201.545 | -142.258

178.177 | -475.262 | 202.793 | -124.635

178.177 | -475.257 | 202.793 | -124.748

181.994 | -441.114 | 210.366 -6.784

181.994 | -441.131

184.500 | -418.159

184.500 | -418.134

188.056 | -384.843

188.056 | -384.848

189.720 | -369.062
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Table D.1 (continued)

h* =14.965m
x (m) (k;,’;;nz)
189.720 | -369.041
195.624 | -312.056
195.624 | -312.081
195.763 | -310.725
195.763 | -310.726
195.818 | -310.184
195.818 | -310.279
201.592 | -252.529
201.592 | -252.462
206.879 | -195.828
206.879 | -197.037
208.476 | -177.228
208.476 | -175.670
210.894 | -143.932
210.894 | -145.410
215.451 -79.020
215.451 -78.696
217.253 -50.363
217.253 -51.010
219.452 -8.470

Table D.2 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 60-m-

high cross-section

h* = 44.037 m h* = 50,025 m h* = 58.990 m h* = 66.983 m
x (m) (kl\Il,/;FnZ) x (m) (kﬁ/;ﬂqZ) x (m) (kl\zl’/;;nz) x (m) (kl\ll’/;;*nz)
84156 | -8814 | 93.138| -10.216 | 106585 | -11.445| 118574 | -11.014
87.158 | -54.110 | 94.764 | -34635 | 110074 | -55923 | 120.890 | -39.132
87.158 | -54.068 | 94.764 | -34.166 | 110074 | -55863 | 120.890 | -38.893
87.995 | -64772 | 96.817 | -59.938 | 111775 | -71558 | 122.607 | -44.505
87.095 | -65.000 | 96.817 | -59.574 | 111775 | -72.042 | 122.607 | -45.081

161




Table D.2 (continued)

h* =44.037 m h* =50.025 m h* =58.990 m h* =66.983 m

M) | g | XM | o | x| xm) |
90.601 -93.798 97.867 -71.171 115.974 | -101.188 124.009 -42.633
90.601 -93.780 97.867 -71.680 115.974 | -101.139 124.009 -43.205
93.147 | -119.823 99.233 -85.925 117.743 | -110.717 127.752 -46.843
93.147 | -119.916 99.233 -85.796 117.743 | -110.593 127.752 -48.326
94.271 | -130.649 101.749 | -109.977 118.849 | -115.864 130.700 -48.549
94.271 | -130.666 101.749 | -110.033 118.849 | -115.904 130.700 -48.414

100.059 | -183.124 104.327 | -132.463 124.175 | -135.453 134.870 -44.322

100.059 | -183.101 104.327 | -132.491 124.175 | -135.331 134.870 -43.769

101.368 | -193.758 107.356 | -156.989 124.856 | -136.868 138.406 -38.263

101.368 | -193.753 107.356 | -156.929 124.856 | -137.014 138.406 -39.159

106.331 | -231.365 109.111 | -169.883 129.548 | -141.638 141.426 -9.156

106.331 | -231.385 109.111 | -169.887 129.548 | -141.622

109.088 | -249.502 114.404 | -202.988 132.683 | -139.281

109.088 | -249.494 114.404 | -202.925 132.683 | -139.624

113.844 | -276.662 115.202 | -207.321 139.686 | -119.134

113.844 | -276.498 115.202 | -207.350 139.686 | -118.901

113.868 | -276.617 119.653 | -228.063 140.896 | -113.533

113.868 | -276.676 119.653 | -228.045 140.896 | -113.629

117.826 | -294.960 120.474 | -231.265 142.218 | -106.936

117.826 | -294.955 120.474 | -231.331 142.218 | -107.251

121.977 | -309.213 125.311 | -244.561 148.589 -63.517

121.977 | -309.175 125.311 | -244.582 148.589 -63.872

122.312 | -310.148 126.615 | -246.691 153.415 -8.382

122.312 | -310.080 126.615 | -246.650

122.443 | -310.412 130.543 | -248.305

122.443 | -310.532 130.543 | -248.340

127.458 | -318.680 131.146 | -248.102

127.458 | -318.669 131.146 | -248.013

129.232 | -319.416 131.410 | -247.791

129.232 | -319.439 131.410 | -247.847
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Table D.2 (continued)

h* = 44.037 m h* = 50,025 m
o, oy
M anmgy | XM | enim?)

132.094 | -318.354 | 135.174 | -241.828

132.094 | -318.280 | 135.174 | -241.815

134.595 | -314.920 | 138.633 | -231.460

134.595 | -314.936 | 138.633 | -231.483

139.951 | -300.540 | 139.716 | -227.417

139.951 | -300.470 | 139.716 | -227.376

139.953 | -300.464 | 143.242 | -211.611

139.953 | -300.400 | 143.242 | -211.665

139.955 | -300.392 | 145.743 | -198.200

139.955 | -300.573 | 145.743 | -198.160

145.370 | -277.019 | 149.640 | -174.381

145.370 | -277.044 | 149.640 | -174.411

148.997 | -257.110 | 157.164 | -115.906

148.997 | -257.101 | 157.164 | -115.615

151.270 | -243.375 | 157.400 | -113.567

151.270 | -243.421 | 157.400 | -113.575

154.161 | -223.684 | 157.619 | -111.619

154.161 | -223.687 | 157.619 | -111.904

158.136 | -193.691 | 165.319 -28.705

158.136 | -193.625 | 165.319 -28.951

161.380 | -166.191 | 166.863 -6.589

161.380 | -166.163

164.843 | -135.039

164.843 | -135.319

169.040 -92.407

169.040 -92.377

172.223 -57.379

172.223 -57.346

175.844 -6.114
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Table D.3 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 80-m-

high cross-section

h*=15.040 m h* = 24.960 m h* =35.044 m h* =45.040 m
) | iy | X | iy | XM gy | x|
38.360 2.218 53.240 -10.864 68.366 -8.534 83.360 -10.981
38.537 -5.759 57.632 -94.562 71.759 -74.036 84.684 -36.733
38.537 -23.091 57.632 -94.855 71.759 -73.910 84.684 -36.066
39.023 -31.854 60.629 | -141.172 72.956 -93.059 86.372 -62.954
39.023 -26.178 60.629 | -140.635 72.956 -93.642 86.372 -63.235
43.807 | -126.840 64.748 | -194.237 75.531 | -128.818 88.542 -92.952
43.807 | -126.039 64.748 | -194.225 75.531 | -128.603 88.542 -94.209
45,195 | -152.799 67.746 | -230.873 77.958 | -158.829 93.234 | -150.719
45,195 | -150.467 67.746 | -230.877 77.958 | -158.539 93.234 | -150.643
48.158 | -195.235 71.813 | -277.191 80.499 | -188.367 94.801 | -168.021
48.158 | -194.282 71.813 | -277.221 80.499 | -188.332 94.801 | -168.090
52.649 | -250.011 76.792 | -329.648 83.355 | -220.397 95.506 | -175.503
52.649 | -250.264 76.792 | -329.598 83.355 | -220.499 95.506 | -175.677
55.812 | -285.079 80.194 | -363.802 86.252 | -251.490 101.123 | -233.316
55.812 | -285.076 80.194 | -363.794 86.252 | -251.459 101.123 | -233.285
60.394 | -334.381 85.129 | -412.323 89.977 | -289.809 104.757 | -269.014
60.394 | -334.207 85.129 | -412.278 89.977 | -289.910 104.757 | -268.878
65.491 | -385.672 89.017 | -449.396 92.151 | -311.306 105.179 | -272.967
65.491 | -385.660 89.017 | -449.412 92.151 | -311.300 | 105.179 | -272.949
67.666 | -407.498 94.436 | -499.956 99.267 | -379.314 | 106.143 | -282.082
67.666 | -407.486 94.436 | -499.927 99.267 | -379.276 106.143 | -282.194
70.450 | -435.246 98.459 | -536.477 102.186 | -405.752 112.873 | -342.951
70.450 | -435.185 98.459 | -536.472 102.186 | -405.765 | 112.873 | -342.886
76.315 | -494.041 107.376 | -613.382 106.002 | -439.650 | 118.318 | -388.470
76.315 | -494.090 107.376 | -613.211 106.002 | -439.691 118.318 | -388.533
83.455 | -564.170 107.498 | -614.215 109.118 | -466.192 120.356 | -404.553
83.455 | -564.193 107.498 | -614.250 109.118 | -466.250 | 120.356 | -404.523
84.850 | -577.818 107.610 | -615.175 112.378 | -493.308 127.228 | -454.683
84.850 | -577.807 107.610 | -615.316 112.378 | -493.295 127.228 | -454.716
85.567 | -584.703 115.749 | -679.277 117.930 | -536.521 128.242 | -461.472
85.567 | -584.789 115.749 | -679.279 117.930 | -536.562 128.242 | -461.514
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Table D.3 (continued)

h* =15.040 m h*= 24.960 m h*=35.044 m h* =45.040 m
X | e | X | e | x| i | xm) |
93.483 | -659.687 117.325 | -690.808 120.618 | -556.437 136.493 | -510.597
93.483 | -659.704 | 117.325 | -690.796 120.618 | -556.404 136.493 | -510.497
96.200 | -684.518 123.274 | -731.845 126.206 | -594.353 136.866 | -512.423
96.200 | -684.509 123.274 | -731.875 126.206 | -594.385 136.866 | -512.552
101.436 | -730.989 125.552 | -746.307 128.733 | -610.221 137.481 | -515.597
101.436 | -731.007 125.552 | -746.278 128.733 | -610.195 137.481 | -515.610
106.662 | -775.005 130.960 | -777.809 133.269 | -636.006 144.037 | -544.632
106.662 | -775.016 130.960 | -777.836 133.269 | -636.046 144.037 | -544.603
108.614 | -790.955 133.719 | -792.148 136.475 | -652.282 148.792 | -560.374
108.614 | -790.984 133.719 | -792.119 136.475 | -652.258 148.792 | -560.371
112.670 | -822.463 139.072 | -816.645 139.462 | -665.956 150.982 | -566.259
112.670 | -822.502 139.072 | -816.618 139.462 | -665.917 150.982 | -566.334
116.299 | -849.587 142.672 | -830.439 144.921 | -686.492 154.056 | -572.305
116.299 | -849.557 142.672 | -830.447 144.921 | -686.443 154.056 | -572.359
117.559 | -858.558 149.479 | -850.157 145.209 | -687.378 158.452 | -578.344
117.559 | -858.615 149.479 | -850.107 145.209 | -687.456 158.452 | -578.372
124,900 | -907.160 | 149.856 | -851.027 150.617 | -702.177 161.607 | -579.673
124.900 | -907.136 149.856 | -850.921 150.617 | -702.180 161.607 | -579.582
126.357 | -915.990 | 150.098 | -851.441 152.995 | -706.930 166.308 | -578.290
126.357 | -916.010 | 150.098 | -851.587 152.995 | -706.922 166.308 | -578.228
132.220 | -948.343 156.754 | -862.270 159.403 | -714.336 171.195 | -571.020
132.220 | -948.346 156.754 | -862.304 159.403 | -714.275 171.195 | -571.098
133.037 | -952.499 161.364 | -864.736 159.907 | -714.514 172.853 | -567.760
133.037 | -952.505 161.364 | -864.713 159.907 | -714.571 172.853 | -567.687
133.798 | -956.206 165.497 | -864.172 166.453 | -713.534 179.268 | -548.911
133.798 | -956.214 | 165.497 | -864.122 166.453 | -713.608 179.268 | -548.973
139.596 | -981.858 170.636 | -858.290 170.958 | -707.700 180.695 | -543.656
139.596 | -981.864 | 170.636 | -858.392 170.958 | -707.702 180.695 | -543.700
141.173 | -987.870 172.653 | -855.104 174.696 | -700.324 185.844 | -521.146
141.173 | -987.882 172.653 | -855.057 174.696 | -700.300 185.844 | -521.125
147.120 | -1006.83 179.492 | -837.960 178.262 | -690.510 188.866 | -506.073
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Table D.3 (continued)

h* =15.040 m h*= 24960 m h*=35.044 m h*=45.040 m
)| ey | X | i | x| i | xm) |
147.120 | -1006.84 | 179.492 | -837.890 178.262 | -690.585 | 188.866 | -505.935
149.334 | -1012.32 180.370 | -835.122 180.493 | -683.465 | 189.764 | -501.043
149.334 | -1012.32 180.370 | -835.218 180.493 | -683.434 | 189.764 | -501.060
153.631 | -1020.69 182.985 | -825.812 185.707 | -662.893 195.710 | -465.070
153.631 | -1020.51 182.985 | -825.805 185.707 | -662.875 | 195.710 | -465.123
157.771 | -1025.72 188.167 | -804.641 187.713 | -653.889 197.927 | -450.282
157.771 | -1025.77 188.167 | -804.586 187.713 | -653.948 197.927 | -450.229
163.646 | -1026.86 189.677 | -797.557 192.773 | -627.393 201.818 | -422.363
163.646 | -1027.10 189.677 | -797.616 192.773 | -627.419 201.818 | -422.414
168.588 | -1023.88 194.633 | -771.406 196.586 | -605.282 207.721 | -376.234
168.588 | -1023.64 194.633 | -771.416 196.586 | -605.203 207.721 | -376.162
174.817 | -1013.13 198.887 | -746.680 197.938 | -596.674 | 208.993 | -365.668
174.817 | -1013.18 198.887 | -746.578 197.938 | -596.708 | 208.993 | -365.752
177.756 | -1005.61 | 200.342 | -737.328 | 203.486 | -559.143 | 209.687 | -359.849
177.756 | -1005.65 | 200.342 | -737.379 | 203.486 | -559.160 | 209.687 | -359.996
180.608 | -997.167 | 206.339 | -696.789 | 205.751 | -542.911 | 215.197 | -311.689
180.608 | -997.169 | 206.339 | -696.724 | 205.751 | -542.820 | 220.707 | -260.334
184.704 | -982.418 206.804 | -693.378 206.367 | -538.248 220.707 | -260.047
184.704 | -982.394 206.804 | -693.413 206.367 | -538.287 221.974 | -247.522
185.826 | -977.950 212.215 | -652.821 213.909 | -478.842 221.974 | -247.903
185.826 | -977.973 212.215 | -652.817 213.909 | -478.779 224967 | -218.050
187.284 | -971.723 214.402 | -635.479 214.646 | -472.688 224967 | -217.911
187.284 | -971.688 214.402 | -635.483 214.646 | -472.703 231.001 | -154.419
192.002 | -949.802 220.046 | -588.824 216.411 | -457.783 231.001 | -154.878
192.002 | -949.814 220.046 | -588.792 216.411 | -457.751 239.670 -43.035
197.449 | -919.746 220.207 | -587.421 223.016 | -399.822 239.670 -42.892
197.449 | -919.728 220.207 | -587.416 223.016 | -399.771 240.665 -28.914
199.273 | -908.946 | 220.403 | -585.740 | 226.851 | -364.266 | 240.665 -27.351
199.273 | -908.931 220.403 | -585.758 226.851 | -364.274 241.640 -10.253
201.044 | -897.767 226.760 | -530.039 232.106 | -314.265
201.044 | -897.781 226.760 | -530.029 232.106 | -314.323
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Table D.3 (continued)

h* = 15.040 m h* = 24.960 m h* = 35.044 m
o, g, oy
M) aenim?) | XM | aenim?) | 5™ | knim?)

206.433 | -862.103 | 228.974 | -509.944 | 240.781 | -225.403

206.433 | -862.098 | 228.974 | -509.938 | 240.781 | -225.942

211.610 | -824.003 | 236.973 | -435.521 | 241.754 | -215.439

211.610 | -824.000 | 236.973 | -435.460 | 241.754 | -216.069

213.453 | -809.922 | 238.055 | -425.117 | 242.211 | -210.186

213.453 | -809.904 | 238.055 | -425.220 | 242.211 | -211.514

215.195 | -796.087 | 244.335 | -364.166 | 245.147 | -175.226

215.195 | -796.091 | 244.335 | -364.062 | 245.147 | -176.304

220.392 | -753.739 | 247.507 | -332.421 | 253.883 | -59.047

220.392 | -753.724 | 247.507 | -332.236 | 253.883 | -58.258

225.567 | -708.803 | 247.943 | -327.921 | 255.036 | -42.224

225.567 | -708.747 | 247.943 | -327.917 | 255.036 | -40.405

226.261 | -702.619 | 251.475 | -290.829 | 256.634 | -10.682

226.261 | -702.627 | 251.475 | -291.180

229.684 | -671.687 | 257.627 | -222.990

229.684 | -671.674 | 257.627 | -223.851

233.229 | -638.988 | 258.245 | -214.702

233.229 | -638.934 | 258.245 | -215.199

233.649 | -635.008 | 260.984 | -178.858

233.649 | -635.100 | 260.984 | -180.460

242777 | -547.411 | 267.960 | -78.853

242777 | -547.269 | 267.960 | -79.024

243.091 | -544.179 | 269.516 | -55.508

243.091 | -544.250 | 269.516 | -54.018

243.563 | -539.601 | 271.760 | -11.314

243.563 | -539.684

251.077 | -465.357

251.077 | -465.325

256.625 | -409.765

256.625 | -409.760

256.643 | -409.574
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Table D.4 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 80-m-

Table D.3 (continued)

h*=15.040 m
x (m) (k,;’;;nz)
256.643 | -409.612
263.526 | -340.517
263.526 | -340.755
264.272 | -333.458
264.272 | -333.237
267.238 | -302.770
267.238 | -303.548
273.027 | -238.877
273.027 | -240.304
273.948 | -226.341
273.948 | -225.442
277.067 | -183.288
277.067 | -187.899
282.930 -94.717
282.930 -91.141
284.827 -60.848
284.827 -52.652
286.640 2.274

high cross-section

h*= 55019 m h* = 65.024m h* = 74.986 m h*=85.024m
x (m) (klgl;;nz) X (m) (klgl;;nz) x (m) (kIg/;;nz) x (m) (klgl;;nz)

0833 | -1234| 11334| -865| 12828 | -1217| 14334 -1357

9933 | -2948| 11355| -1311| 13266 | -7146| 14640 | -58.78

9933 | -2937 | 11355| -1304| 13266 | -7138| 14640 | -58.75
10131 -5752| 11634| 5591 13476| -9302| 14881 | -79.02
10131| -5843| 11634| 5631 13476| -9357| 14881 | -79.90
10543 | -108.96 | 12133 | -11264| 137.37 | -11783| 15257 | -9551
10543 | -108.83| 12133 | -11265| 137.37 | -117.63| 15257 | -95.24
10660 | -12343| 12161 | -11573| 142.97 | -15828| 156.10 | -102.64
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Table D.4 (continued)

h*=55.019 m h*=65.024 m h*=74.986 m h* =85.024 m

M) | e | x| e | x| e | x|
106.69 -123.65 121.61 -115.80 142.97 -158.29 156.10 -102.60
108.48 -143.08 121.85 -118.36 145.66 -174.40 162.84 -105.32
108.48 -142.96 121.85 -118.24 145.66 -174.40 162.84 -105.09
114.60 -203.72 128.23 -177.66 151.81 -202.37 163.96 -104.58
114.60 -203.74 128.23 -177.55 151.81 -202.48 163.96 -104.15
117.32 -229.27 131.77 -207.33 154.51 -211.16 168.17 -100.21
117.32 -229.30 131.77 -207.42 154.51 -211.14 168.17 -100.44
122.62 -275.48 140.84 -270.00 160.07 -221.74 170.98 -95.85
122.62 -275.50 140.84 -269.89 160.07 -221.72 170.98 -95.85
125.77 -301.18 142.41 -279.19 164.61 -221.39 171.95 -93.39
125.77 -301.16 142.41 -279.05 164.61 -221.38 171.95 -94 .47
131.09 -340.33 14457 -290.26 168.43 -215.05 177.22 -64.87
131.09 -340.48 14457 -290.28 168.43 -215.14 177.22 -66.59
138.34 -385.40 149.45 -312.14 174.40 -194.88 181.66 -12.02
138.34 -385.35 149.45 -312.04 174.40 -194.79

139.77 -393.45 154.16 -327.12 177.16 -182.39

139.77 -393.27 154.16 -327.14 177.16 -182.60

141.38 -401.42 155.36 -330.04 179.58 -169.59

141.38 -401.46 155.36 -330.08 179.58 -170.04

146.33 -423.65 157.15 -333.28 189.03 -98.78

146.33 -423.63 157.15 -333.23 189.03 -98.61

151.77 -441.57 161.67 -337.70 192.57 -64.72

151.77 -441.52 161.67 -337.68 192.57 -64.25

152.43 -443.35 165.87 -335.35 196.72 -8.45

152.43 -443.27 165.87 -335.42

152.73 -444.01 167.68 -332.95

152.73 -444.13 167.68 -333.01

155.00 -448.70 174.79 -313.00

155.00 -448.69 174.79 -312.92

160.12 -455.20 175.56 -310.05

160.12 -455.18 175.56 -309.91
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Table D.4 (continued)

h*=55.019 m h* = 65.024 m
x (m) (klglz;nz) x (m) (krg/;FnZ)
16092 | -45549 | 176.45 | -306.20
16092 | -455.54 | 176.45 | -306.31
167.87 | -451.67 | 183.73 | -260.39
167.87 | -451.73 | 183.73 | -260.38
17143 | -444.86 | 186.75 | -250.65
17143 | -444.80 | 186.75 | -250.86
17597 | -431.65 | 193.77 | -198.65
17597 | -43L70 | 193.77 | -198.72
180.88 | -412.04 | 19573 | -182.89
18083 | -412.00 | 19573 | -182.84
18312 | -401.44 | 197.88 | -164.00
18312 | -401.47 | 197.88 | -164.27
18493 | -391.91 | 204.78 | -95.38
18493 | -391.91 | 20478 | -95.42
10135 | -354.31 | 21166 | -9.15
191.35 | -354.23
193.73 | -338.07
193.73 | -338.06
198.25 | -305.11
198.25 | -305.13
20099 | -283.04
20099 | -282.99
205.19 | -247.60
205.19 | -247.55
21264 | -177.93
21264 | -178.10
21402 | -164.33
214.02 | -164.56
21494 | -154.32
21494 | -155.18
22477 | -38.25
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Table D.4 (continued)

h* =55.019 m
X | oo
224.77 -40.06
226.41 -18.17
226.41 -16.37
226.54 -14.71
226.54 -8.55
226.67 -5.91

Table D.5 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 100-m-
high cross-section

h*=25.99 m h*=35.97m h*=46.00 m h* =56.00 m
X | ooy | XM | e | XM | i | XM | or
52.48 -3.00 67.45 -5.06 82.50 -6.80 97.50 -8.46
55.03 -62.09 68.28 -23.08 87.61 -97.25 99.08 -38.12
55.03 -62.50 68.28 -26.21 87.61 -97.04 99.08 -36.50
59.94 -146.44 69.49 -49.02 89.57 -125.42 100.85 -66.21
59.94 -147.00 69.49 -48.81 89.57 -126.51 100.85 -66.34
59.96 -147.22 73.12 -111.51 93.22 -174.43 103.33 -101.23
59.96 -148.63 73.12 -112.47 93.22 -173.75 103.33 -103.33
65.68 -228.69 78.44 -188.53 97.38 -222.78 107.95 -161.68
65.68 -228.86 78.44 -188.46 97.38 -222.72 107.95 -161.16
68.47 -263.21 80.56 -214.30 99.97 -251.08 108.51 -167.69
68.47 -263.21 80.56 -214.45 99.97 -251.10 108.51 -167.31
76.16 -353.29 81.53 -225.92 105.71 -312.32 108.78 -170.36
76.16 -353.17 81.53 -225.96 105.71 -312.20 108.78 -170.29
77.58 -368.24 84.99 -266.28 109.41 -349.33 115.24 -240.85
77.58 -368.41 84.99 -266.37 109.41 -349.33 115.24 -240.88
79.58 -389.18 90.74 -330.05 111.61 -371.02 118.80 -276.81
79.58 -389.13 90.74 -329.94 111.61 -371.04 118.80 -276.81
85.14 -445.65 92.42 -347.76 115.91 -412.09 124.60 -333.65
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Table D.5 (continued)

h*=25.99 m h*=35.97 m h*=46.00 m h* =56.00 m
X | oy | XM | oime | XM | i | XM | i
85.14 -445.63 92.42 -347.72 115.91 -412.10 124.60 -333.59
89.30 -486.72 97.94 -404.04 117.72 -429.07 127.34 -359.04
89.30 -486.74 97.94 -404.05 117.72 -429.11 127.34 -359.04
90.81 -501.47 99.44 -418.96 122.02 -468.19 131.65 -398.11
90.81 -501.52 99.44 -418.91 122.02 -468.23 131.65 -398.12
96.43 -555.62 103.41 -457.47 127.30 -514.43 137.09 -444 58
96.43 -555.65 103.41 -457.49 127.30 -514.43 137.09 -444 55
98.46 -574.95 106.29 -484.81 129.00 -529.10 139.94 -468.11
98.46 -574.95 106.29 -484.80 129.00 -529.10 139.94 -468.12
104.65 -633.27 112.36 -541.17 131.79 -552.35 143.80 -498.42
104.65 -633.27 112.36 -541.18 131.79 -552.33 143.80 -498.46
105.25 -638.82 114.04 -556.43 134.80 -576.87 146.80 -520.91
105.25 -638.84 114.04 -556.48 134.80 -576.87 146.80 -520.86
113.27 -712.27 116.20 -575.79 137.64 -599.04 151.97 -557.04
113.27 -712.24 116.20 -575.76 137.64 -599.03 151.97 -557.10
113.86 -717.52 122.63 -632.13 140.79 -623.04 153.12 -564.62
113.86 -717.56 122.63 -632.11 140.79 -623.09 153.12 -564.59
114.84 -726.37 126.71 -666.56 143.06 -639.74 158.33 -596.73
114.84 -726.36 126.71 -666.62 143.06 -639.71 158.33 -596.73
122.29 -791.19 129.76 -691.60 148.25 -675.88 163.63 -625.09
122.29 -791.17 129.76 -691.54 148.25 -675.87 163.63 -625.08
127.42 -833.59 133.87 -724.20 152.22 -701.16 164.05 -627.23
127.42 -833.63 133.87 -724.20 152.22 -701.21 164.05 -627.22
129.11 -847.25 140.73 -775.34 155.15 -718.96 169.40 -651.31
129.11 -847.24 140.73 -775.28 155.15 -718.92 169.40 -651.38
134.35 -888.08 141.11 -778.00 160.01 -745.63 170.49 -655.81
134.35 -888.09 141.11 -778.03 160.01 -745.66 170.49 -655.81
139.90 -928.58 141.52 -780.89 164.11 -765.63 175.74 -674.86
139.90 -928.64 141.52 -780.93 164.11 -765.65 175.74 -674.87
141.89 -942 51 148.12 -825.46 168.35 -783.72 179.23 -684.88
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Table D.5 (continued)

h*=25.99 m h*=35.97 m h*=46.00 m h* =56.00 m
X | ooy | XM | oome | XM | oo | XM | oo
141.89 -942.51 148.12 -825.46 168.35 -783.72 179.23 -684.98
145.06 -963.55 153.34 -857.09 171.90 -796.97 186.56 -699.92
145.06 -963.54 153.34 -857.13 171.90 -796.96 186.56 -699.91
148.80 -987.38 154.75 -865.18 176.41 -810.91 188.07 -701.92
148.80 -987.39 154.75 -865.19 176.41 -810.94 188.07 -701.87
151.36 | -1002.70 156.31 -873.71 179.79 -819.53 195.88 -705.86
151.36 | -1002.69 156.31 -873.68 179.79 -819.50 195.88 -705.83
155.98 | -1028.69 161.13 -898.40 183.95 -827.72 196.67 -705.62
155.98 | -1028.64 161.13 -898.40 183.95 -827.77 196.67 -705.67
160.49 | -1051.27 166.94 -923.91 189.17 -834.33 203.24 -700.19
160.49 | -1051.36 166.94 -923.86 189.17 -834.31 203.24 -700.24
162.48 | -1060.50 167.54 -926.28 191.68 -836.27 204.70 -697.92
162.48 | -1060.43 167.54 -926.32 191.68 -836.30 204.70 -697.87
165.98 | -1075.55 173.42 -946.86 193.99 -836.89 209.68 -687.83
165.98 | -1075.55 173.42 -946.89 193.99 -836.86 209.68 -687.88
168.69 | -1086.00 174.61 -950.57 200.28 -834.99 219.76 -655.05
168.69 | -1086.01 174.61 -950.46 200.28 -834.98 219.76 -654.82
172.89 | -1100.33 174.72 -950.77 204.96 -829.36 219.97 -653.98
172.89 | -1100.33 174.72 -950.90 204.96 -829.39 219.97 -653.91
176.52 | -1110.77 182.18 -968.64 207.97 -824.29 220.09 -653.39
176.52 | -1110.76 182.18 -968.57 207.97 -824.27 220.09 -653.59
180.31 | -1119.71 182.61 -969.35 215.52 -805.39 220.55 -651.57
180.31 | -1119.70 182.61 -969.46 215.52 -805.22 220.55 -651.62
184.58 | -1127.31 190.38 -978.95 215.66 -804.79 229.80 -607.29
184.58 | -1127.32 190.38 -978.93 215.66 -804.90 229.80 -607.24
188.30 | -1131.89 191.73 -979.71 216.77 -801.21 235.31 -574.74
188.30 | -1131.87 191.73 -979.70 216.77 -801.30 235.31 -574.68
193.09 | -1134.77 194.58 -980.24 222.56 -780.12 235.91 -570.96
193.09 | -1134.82 194.58 -980.27 222.56 -780.07 23591 -570.92
196.82 | -1134.84 198.43 -979.62 223.20 -777.39 242 .83 -523.38
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Table D.5 (continued)

h*=25.99 m h*=35.97 m h*=46.00 m h* =56.00 m

X | oy | XM | oime | XM | i | XM | i
196.82 | -1134.76 198.43 -979.59 223.20 -777.41 242.83 -523.49
201.01 | -1132.54 204.32 -974.19 229.18 -749.82 244.16 -513.89
201.01 | -1132.58 204.32 -974.11 229.18 -749.85 244.16 -513.73
207.28 | -1124.20 204.97 -973.23 233.58 -726.19 24422 -513.31
207.28 | -1124.24 204.97 -973.32 233.58 -726.21 24422 -513.28
209.23 | -1120.70 208.98 -966.15 237.43 -703.48 24433 -512.42
209.23 | -1120.63 208.98 -966.13 237.43 -703.51 24433 -512.63
210.99 | -1116.70 213.36 -956.24 243.98 -660.62 252.02 -452.18
210.99 | -1116.74 213.36 -956.13 243.98 -660.58 252.02 -452.11
216.19 | -1103.21 213.88 -954.76 246.73 -641.24 257.43 -406.13
216.19 | -1103.20 213.88 -954.85 246.73 -641.22 257.43 -406.14
221.49 | -1085.23 215.41 -950.39 248.51 -628.12 258.74 -394.66
221.49 | -1085.18 215.41 -950.37 248.51 -628.18 258.74 -394.56
22291 | -1079.89 221.32 -930.76 252.59 -597.10 260.02 -383.22
22291 | -1079.88 221.32 -930.75 252.59 -597.11 260.02 -383.23
223.96 | -1075.64 223.70 -921.27 257.70 -556.62 266.53 -322.75
223.96 | -1075.71 223.70 -921.24 257.70 -556.57 266.53 -322.83
231.14 | -1043.41 228.47 -900.37 261.26 -526.84 275.46 -233.77
231.14 | -1043.39 228.47 -900.36 261.26 -526.83 275.46 -233.93
233.26 | -1032.52 233.30 -875.86 265.19 -492.94 277.14 -216.13
233.26 | -1032.51 233.30 -875.89 265.19 -492.95 277.14 -217.77
239.01 | -1000.63 234.20 -871.01 270.85 -442.18 277.94 -207.71
239.01 | -1000.63 234.20 -870.98 270.85 -442.20 277.94 -207.37
241.50 -985.52 239.16 -842.37 272.09 -430.97 283.28 -144.42
241.50 -985.50 239.16 -842.41 272.09 -430.87 283.28 -144.95
247.90 -943.91 240.89 -831.71 273.84 -414.55 290.42 -45.95
247.90 -943.93 240.89 -831.62 273.84 -414.48 290.42 -46.98
250.77 -923.84 24559 -801.06 279.63 -358.93 292.50 -11.23
250.77 -923.79 24559 -801.04 279.63 -358.84

257.02 -877.66 252.71 -750.23 283.19 -323.26
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Table D.5 (continued)

h*=25.99 m h*=35.97 m h* =46.00 m

x (m) (kﬁ;;nz) x (m) (kﬁ;;nz) X (m) (k,g’,"mz)
257.02 -877.67 252.71 -750.25 283.19 -323.23
260.73 -848.49 255.88 -726.04 288.11 -272.02
260.73 -848.45 255.88 -726.04 288.11 -272.38
265.06 -813.45 261.00 -685.34 292.12 -228.57
265.06 -813.47 261.00 -685.38 292.12 -229.45
276.45 -714.91 263.06 -668.46 297.04 -169.64
276.45 -714.67 263.06 -668.43 297.04 -168.53
276.61 -713.21 270.62 -603.94 307.50 -9.32
276.61 -713.20 270.62 -603.95

276.79 -711.58 272.63 -586.34

276.79 -711.79 272.63 -586.30

288.53 -603.57 282.58 -495.58

288.53 -603.54 282.58 -495.51

295.44 -537.65 282.79 -493.57

295.44 -537.59 282.79 -493.50

296.50 -527.40 290.55 -419.10

296.50 -527.52 290.55 -419.11

298.39 -509.17 294.75 -377.05

298.39 -509.15 294.75 -376.97

303.78 -456.46 298.80 -334.90

303.78 -456.58 298.80 -334.91

309.03 -403.93 300.48 -316.58

309.03 -403.88 300.48 -316.79

312.19 -370.93 310.81 -198.00

312.19 -370.75 310.81 -196.61

313.80 -353.14 313.16 -162.85

313.80 -354.12 313.16 -163.52

322.24 -253.70 322.55 -9.25

322.24 -253.28

327.56 -184.41

327.56 -181.40

333.07 -96.45

333.07 -94.59
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Table D.5 (continued)

h*=25.99 m

!

o

XM | genjm?)

335.09

-59.30

335.09

-59.71

337.52

-3.62

Table D.6 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 100-m-

high cross-section

h* =65.96 m h*=75.99 m h*=86.02 m h*=95.98 m
| iy | X | ot | XM | e | XM | g
112.44 -7.48 127.48 -6.83 142.53 -7.71 157.48 -10.27
112.53 -9.25 130.35 -53.36 143.32 -21.99 161.01 -63.03
112.53 -9.25 130.35 -53.22 143.32 -22.26 161.01 -61.32
116.80 -77.32 135.52 -119.02 144.33 -36.34 165.10 -109.91
116.80 -76.52 135.52 -118.80 144.33 -37.33 165.10 -108.33
124.29 -167.76 136.53 -129.92 149.11 -98.09 166.65 -123.47
124.29 -167.61 136.53 -129.82 149.11 -98.08 166.65 -125.30
125.62 -181.67 137.95 -144.69 151.13 -119.99 170.02 -152.66
125.62 -181.65 137.95 -144.87 151.13 -120.78 170.02 -151.52
126.78 -193.58 143.57 -201.20 156.72 -175.10 174.88 -182.93
126.78 -193.64 143.57 -201.03 156.72 -174.97 174.88 -183.05
134.50 -270.17 146.41 -227.98 160.82 -209.73 176.51 -191.55
134.50 -270.12 146.41 -228.02 160.82 -209.65 176.51 -191.58
138.20 -304.11 151.79 -274.86 163.37 -228.83 179.53 -205.01
138.20 -304.11 151.79 -275.00 163.37 -228.85 179.53 -205.06
142.32 -340.63 159.94 -337.47 170.37 -275.73 186.52 -229.76
142.32 -340.69 159.94 -337.39 170.37 -275.60 186.52 -229.62
149.23 -396.93 160.35 -340.40 172.77 -288.81 191.10 -238.30
149.23 -396.92 160.35 -340.06 172.77 -288.85 191.10 -238.44
150.75 -408.65 160.82 -343.27 178.17 -314.95 194.30 -241.09
150.75 -408.60 160.82 -343.48 178.17 -314.93 194.30 -240.89
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Table D.6 (continued)

h* =65.96 m h*=75.99 m h* =86.02 m h*=95.98 m
| ooy | XM | i | XM | ganm | XM | gor
152.98 -425.05 169.39 -394.99 179.56 -320.62 199.53 -237.46
152.98 -425.11 169.39 -394.93 179.56 -320.69 199.53 -237.64
157.46 -455.69 174.28 -418.92 181.66 -328.16 201.26 -234.61
157.46 -455.62 174.28 -419.02 181.66 -328.13 201.26 -234.45
161.81 -482.13 175.83 -425.57 186.87 -343.32 206.20 -221.66
161.81 -482.26 175.83 -425.48 186.87 -343.29 206.20 -221.71
163.72 -492.74 180.45 -442 .58 192.57 -351.80 211.67 -199.91
163.72 -492.62 180.45 -442 57 192.57 -351.73 211.67 -199.84
168.55 -517.98 185.67 -456.44 192.82 -351.91 214.79 -184.70
168.55 -518.03 185.67 -456.47 192.82 -351.93 214.79 -184.69
173.18 -538.42 186.46 -458.07 198.46 -350.86 221.62 -138.94
173.18 -538.32 186.46 -458.10 198.46 -350.97 221.62 -138.56
178.82 -558.93 193.05 -465.87 200.24 -348.58 221.63 -138.52
178.82 -558.89 193.05 -465.86 200.24 -348.51 221.63 -142.21
184.31 -572.65 194.66 -466.38 205.52 -337.33 228.48 -68.25
184.31 -572.76 194.66 -466.39 205.52 -337.31 228.48 -69.04
186.14 -576.23 196.60 -465.92 209.38 -324.60 232.52 -10.50
186.14 -576.19 196.60 -465.96 209.38 -324.69
191.34 -582.42 203.04 -459.03 215.06 -300.01
191.34 -582.43 203.04 -458.96 215.06 -299.93
193.57 -583.54 205.94 -452.81 217.88 -285.49
193.57 -583.53 205.94 -452.83 217.88 -285.47
199.02 -582.11 211.75 -435.10 221.06 -266.93
199.02 -582.09 211.75 -435.01 221.06 -266.99
200.89 -580.40 211.87 -434.57 226.30 -231.65
200.89 -580.39 211.87 -434.57 226.30 -231.58
203.30 -577.00 212.00 -434.10 231.56 -190.03
203.30 -577.04 212.00 -434.20 231.56 -189.89
207.34 -569.21 218.11 -407.79 233.09 -176.27
207.34 -569.18 218.11 -407.79 233.09 -176.25
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Table D.6 (continued)

h* = 65.96 m h*=75.99 m h* = 86.02 m
x (m) (klgl;;nz) x (m) (klgl;;nz) x (m) (klgl;;nz)
21086 | -559.72 | 22329 | -379.98 | 238.18 | -128.24
21086 | -559.70 | 22329 | -379.94 | 238.18 | -127.37
21597 | -541.91 | 22418 | -37474| 24491 | -48.71
21597 | -541.89 | 22418 | -37491| 24491 | -48.86
217.14 | -537.16 | 23113 | -32059 | 24625 | -30.26
217.14 | 537.23| 23113 | -32069 | 246.25| -30.06
22118 | 51896 | 23303 | -316.41| 24670 | -24.14
22118 | 51893 | 23303 | -31620 | 24670 | -22.47
22509 | -499.24 | 23320 | -314.93 | 247.47| -10.16
22509 | -499.19 | 23320 | -314.71

22594 | -494.70 | 23348 | -312.64

22594 | -494.69 | 23348 | -312.78

22060 | -473.63 | 24143 | -247.35

22060 | -47357 | 24143 | -247.40

23620 | -43L15| 247.04 | -19563

236.20 | -430.95 | 247.04 | -196.00

23753 | -421.21| 24821 | -184.58

23753 | -421.29 | 24821 | -184.23

24676 | -34857 | 24917 | -174.47

24676 | -348.60 | 24917 | -175.07

24677 | -34861| 25645 | -94.22

24677 | -348.40 | 25645 | -94.83

24677 | -34838 | 26252 |  -9.74

246.77 | -348.59

256.73 | -258.20

256.73 | -258.09

258.30 | -243.20

258.30 | -243.32

260.25 | -224.20

260.25 | -224.55
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Table D.6 (continued)

h* = 65.96 m
o,
XM | enjm?)

270.96 | -104.96
270.96 | -104.76
274.02 -66.22
274.02 -66.34
277.56 -10.38

Table D.7 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 120-m-
high cross-section

h* =35.15 m h* = 45.09 m h* =55.02m h* = 65.07 m
o, o, o, o,
XM 1 anmg) | 5™ | genmd | XM | awmy | XM | knimd)

63.92 -12.12 78.83 -12.70 93.73 -10.39 108.80 -15.90
67.05 -80.10 81.79 -73.89 98.82 | -105.76 113.23 -91.26
67.05 -80.01 81.79 -71.79 98.82 | -105.47 113.23 -89.13
70.89 | -144.61 90.54 | -207.20 100.73 | -134.94 122.35 | -209.84
70.89 | -144.74 90.54 | -207.34 100.73 | -136.50 122.35 | -209.79
77.94 | -248.94 91.37 | -217.76 112.49 | -280.55 123.74 | -225.20
77.94 | -248.19 91.37 | -217.84 112.49 | -283.49 123.74 | -225.42
82.04 | -299.82 93.57 | -245.00 112.81 | -287.59 135.54 | -349.73
82.04 | -299.45 93.57 | -245.13 11281 | -286.87 135.54 | -349.65
91.12 | -405.27 101.92 | -342.45 112.96 | -288.89 135.80 | -352.17
91.12 | -405.00 101.92 | -342.44 112.96 | -285.55 135.80 | -352.33
93.40 | -430.16 104.45 | -370.55 113.22 | -288.37 136.22 | -356.46
93.40 | -430.01 104.45 | -370.75 113.22 | -288.71 136.22 | -356.40
94.21 | -438.83 113.49 | -464.01 119.49 | -355.43 145.79 | -447.80
9421 | -438.68 113.49 | -464.03 119.49 | -355.39 145.79 | -447.80
103.19 | -530.45 123.65 | -563.33 128.31 | -444.62 150.09 | -486.64
103.19 | -530.59 123.65 | -563.20 128.31 | -444.55 150.09 | -486.65
109.36 | -591.20 124.49 | -571.16 128.79 | -449.10 155.46 | -533.59
109.36 | -591.10 124.49 | -571.18 128.79 | -449.16 155.46 | -533.59
113.29 | -628.87 129.09 | -613.93 138.22 | -538.02 159.78 | -569.69
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Table D.7 (continued)

h*=35.15m h* =45.09 m h*=55.02 m h* =65.07 m
)| iy | X | gy | x| gl | x|
113.29 -628.92 129.09 -613.92 138.22 -538.03 159.78 -569.70
115.43 -649.26 135.52 -672.24 140.60 -559.43 164.73 -608.81
115.43 -649.25 135.52 -672.23 140.60 -559.43 164.73 -608.86
123.69 -726.50 136.25 -678.74 146.48 -611.31 170.73 -654.12
123.69 -726.51 136.25 -678.81 146.48 -611.31 170.73 -654.05
124.39 -732.97 137.59 -690.67 148.92 -632.30 176.81 -695.84
124.39 -732.97 137.59 -690.64 148.92 -632.35 176.81 -695.90
130.10 -785.08 146.86 -770.31 158.44 -710.18 184.17 -741.29
130.10 -785.09 146.86 -770.31 158.44 -710.19 184.17 -741.29
137.18 -847.82 155.42 -839.30 159.82 -721.03 186.62 -755.07
137.18 -847.75 155.42 -839.25 159.82 -720.98 186.62 -755.09
137.55 -851.01 156.40 -846.93 160.19 -723.78 190.54 -775.09
137.55 -851.00 156.40 -846.91 160.19 -723.93 190.54 -775.08
137.88 -853.85 158.70 -864.38 161.52 -734.01 195.56 -798.55
137.88 -853.95 158.70 -864.42 161.52 -733.98 195.56 -798.61
146.06 -923.27 164.44 -906.60 170.46 -798.62 200.31 -817.04
146.06 -923.27 164.44 -906.62 170.46 -798.63 200.31 -816.97
153.26 -980.77 167.60 -928.42 173.66 -819.99 205.61 -834.41
153.26 -980.75 167.60 -928.39 173.66 -819.99 205.61 -834.47
154.95 -993.84 171.84 -956.65 180.23 -860.74 209.33 -843.93
154.95 -993.85 171.84 -956.74 180.23 -860.67 209.33 -843.88
157.18 | -1010.66 176.66 -986.38 185.88 -891.88 217.15 -858.54
157.18 | -1010.67 176.66 -986.32 185.88 -891.95 217.15 -858.50
163.47 | -1056.46 181.50 | -1014.30 191.16 -917.49 224.28 -863.98
163.47 | -1056.47 181.50 | -1014.29 191.16 -917.49 224.28 -864.01
168.43 | -1089.85 183.81 | -1026.57 194.04 -930.27 225.50 -864.40
168.43 | -1089.87 183.81 | -1026.60 194.04 -930.31 225.50 -864.39
171.71 | -1111.09 190.27 | -1057.54 199.17 -950.00 231.96 -863.03
171.71 | -1111.08 190.27 | -1057.59 199.17 -950.01 231.96 -863.02
174.63 | -1128.89 193.32 | -1071.01 202.58 -961.66 239.31 -854.41
174.63 | -1128.89 193.32 | -1070.93 202.58 -961.65 239.31 -854.41
179.40 | -1156.58 195.03 | -1077.71 204.06 -966.11 240.24 -852.82
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Table D.7 (continued)

h*=35.15m h* =45.09 m h*=55.02 m h* =65.07 m
X | iy | X | gy | X | g | x|
179.40 | -1156.53 195.03 | -1077.74 204.06 -966.18 240.24 -852.98
185.27 | -1187.13 200.72 | -1098.30 212.86 -986.76 247.99 -835.20
185.27 | -1187.19 200.72 | -1098.29 212.86 -986.78 247.99 -835.19
187.50 | -1197.90 205.31 | -1111.80 216.15 -992.06 251.05 -825.82
187.50 | -1197.90 205.31 | -1111.80 216.15 -992.06 251.05 -825.78
19497 | -1229.77 208.93 | -1120.92 225.99 -999.28 255.48 -810.57
19497 | -1229.59 208.93 | -1120.88 225.99 -999.21 255.48 -810.68
195.06 | -1229.94 216.79 | -1134.49 226.82 -999.39 264.27 -771.97
195.06 | -1230.00 216.79 | -1134.56 226.82 -999.20 264.27 -772.03
195.33 | -1231.00 218.98 | -1137.08 227.05 -999.19 267.56 -755.41
195.33 | -1231.07 218.98 | -1137.03 227.05 -999.35 267.56 -755.40
202.09 | -1254.18 226.47 | -1140.96 227.88 -999.18 275.87 -706.17
202.09 | -1254.22 226.47 | -1140.84 227.88 -999.24 275.87 -706.21
206.03 | -1265.02 226.67 | -1140.86 235.57 -994.77 281.14 -671.74
206.03 | -1264.96 226.67 | -1140.99 235.57 -994.75 281.14 -671.65
209.94 | -1274.35 233.96 | -1138.06 242.89 -983.31 283.00 -658.45
209.94 | -1274.39 233.96 | -1138.06 242.89 -983.29 283.00 -658.58
212.29 | -1278.90 236.40 | -1135.72 243.98 -981.10 290.76 -600.76
212.29 | -1278.87 236.40 | -1135.73 243.98 -981.17 298.53 -537.90
220.53 | -1289.60 246.10 | -1118.77 255.16 -949.41 298.53 -537.64
220.53 | -1289.66 246.10 | -1118.72 255.16 -949.28 298.75 -535.75
223.75 | -1291.55 247.33 | -1115.80 256.14 -945.87 298.75 -536.01
223.75 | -1291.45 247.33 | -1115.79 256.14 -945.80 298.91 -534.68
229.50 | -1291.96 253.96 | -1096.50 257.05 -942.38 298.91 -534.74
229.50 | -1292.01 253.96 | -1096.47 257.05 -942 .54 299.55 -529.13
237.98 | -1285.04 255.81 | -1090.34 269.37 -886.66 299.55 -529.04
237.98 | -1285.00 255.81 | -1090.30 269.37 -886.38 310.24 -433.84
239.05 | -1283.65 256.48 | -1087.83 269.55 -885.47 310.24 -433.83
239.05 | -1283.55 256.48 | -1087.92 269.55 -885.49 318.21 -357.56
239.76 | -1282.47 262.72 | -1063.41 269.92 -883.52 318.21 -357.49
239.76 | -1282.61 262.72 | -1063.44 269.92 -883.72 318.87 -351.01
250.12 | -1260.38 270.20 | -1027.79 279.39 -828.23 318.87 -350.83
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Table D.7 (continued)

h*=35.15m h* =45.09 m h*=55.02 m h* =65.07 m
)| iy | X | gy | x| gl | x|
250.12 | -1260.31 270.20 | -1027.68 279.39 -828.12 319.61 -343.51
251.60 | -1256.05 271.03 | -1023.42 286.71 -779.08 319.61 -343.80
251.60 | -1256.07 271.03 | -1023.40 286.71 -779.21 328.44 -251.31
260.53 | -1225.08 271.43 | -1021.26 291.42 -744 .83 328.44 -251.23
260.53 | -1225.09 271.43 | -1021.41 291.42 -744.71 336.14 -163.53
262.94 | -1215.23 280.06 -971.90 300.53 -673.96 336.14 -162.05
262.94 | -1215.22 280.06 -971.91 300.53 -673.91 340.09 -110.43
271.29 | -1175.71 283.44 -950.32 307.11 -618.69 340.09 -109.84
271.29 | -1175.67 283.44 -950.27 307.11 -618.74 346.20 -11.19
272.60 | -1168.95 290.48 -902.62 311.66 -579.44
272.60 | -1168.87 290.48 -902.64 311.66 -579.38
273.07 | -1166.31 297.70 -849.00 318.52 -517.34
273.07 | -1166.44 297.70 -849.03 318.52 -517.35
281.71 | -1116.78 302.58 -811.01 319.93 -504.34
281.71 | -1116.80 302.58 -810.98 319.93 -504.31
287.54 | -1078.96 313.16 -722.72 325.65 -449.78
287.54 | -1078.93 313.16 -722.72 325.65 -449.77
292.49 | -1045.12 314.97 -707.13 329.72 -410.08
292.49 | -1045.09 314.97 -707.04 329.72 -410.18
304.00 -958.04 318.37 -677.12 336.79 -337.13
304.00 -957.97 318.37 -677.14 336.79 -337.19
304.97 -950.29 324.06 -626.07 343.17 -268.49
304.97 -950.32 324.06 -626.05 343.17 -269.27
308.59 -920.75 328.56 -584.44 350.79 -174.12
308.59 -920.67 328.56 -584.45 350.79 -173.76
317.66 -844.06 332.97 -543.11 361.27 -12.30
317.66 -843.98 332.97 -543.11
319.54 -827.45 335.68 -517.21
319.54 -827.50 335.68 -517.30
327.01 -760.59 347.76 -395.30
327.01 -760.61 347.76 -395.16
330.51 -728.74 349.84 -373.20
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Table D.7 (continued)

h* =35.15 m h* = 45.09 m
x (m) (kr\‘JT/IVmZ) x () (kr\‘r/;ﬁﬂ)
33051 | -728.69 | 349.84 | -37359
33180 | -716.79 | 35154 | -355.50
33180 | -716.77 | 35154 | -35561
34002 | -639.87 | 357.69 | -285.42
34002 | -639.88 | 357.69 | -286.21
346.71 | -575.77 | 36511 | -194.94
34671 | -575.85 | 36511 | -193.04
34917 | -551.86 | 368.95 | -136.84
34917 | -551.85 | 368.95 | -137.23
35327 | -51122 | 37617 | -7.12
35327 | -511.22
358.24 | -460.90
35824 | -461.10
361.99 | -421.73
36199 | -421.64
367.71 | -358.24
367.71 | -358.80
37362 | -286.46
37362 | -286.71
38185 | -172.59
38185 | -172.48
386.24 | -100.27
386.24 | -106.17
39108 |  -3.70
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Table D.8 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 120-m-

high cross-section

h* = 74.95 m h* = 85.09 m h* = 95.07 m h* = 120.37 m
oy o, o, o,
XM 1 gnm?g) | 2™ | gamy | XM | gnmy) | 5™ | enim?

123.63 -13.36 138.84 -13.67 153.81 -11.97 191.76 -11.76
123.78 -16.53 139.43 -24.97 155.85 -47.62 191.84 -13.61
123.78 -17.44 139.43 -27.05 155.85 -47.54 191.84 -20.60
124.03 -21.81 140.85 -47.79 159.34 -94.98 192.00 -23.09
124.03 -20.20 140.85 -48.23 159.34 -95.75 192.00 -19.11
129.57 | -107.10 147.87 | -139.96 167.86 | -189.60 198.30 | -109.23
129.57 | -108.16 147.87 | -139.86 167.86 | -189.70 198.30 | -109.04
135.03 | -176.28 150.23 | -166.82 169.91 | -210.05 200.76 | -133.02
135.03 | -176.09 150.23 | -167.47 169.91 | -210.19 200.76 | -134.89
137.74 | -206.14 153.01 | -198.01 171.05 | -220.90 206.02 | -173.03
137.74 | -206.06 153.01 | -197.81 171.05 | -221.09 206.02 | -172.25
140.40 | -234.15 162.10 | -287.59 183.92 | -332.54 211.84 | -199.80
140.40 | -234.19 162.10 | -287.59 183.92 | -332.29 211.84 | -199.72
148.76 | -318.99 165.56 | -319.98 184.78 | -338.76 219.65 | -221.00
148.76 | -318.96 165.56 | -320.10 184.78 | -338.95 219.65 | -221.27
153.47 | -363.85 178.27 | -426.83 194.67 | -407.09 222.67 | -226.26
153.47 | -363.87 178.27 | -426.55 194.67 | -407.01 222.67 | -225.98
154.26 | -371.30 178.37 | -427.37 195.52 | -412.16 22455 | -227.75
154.26 | -371.33 178.37 | -427.26 195.52 | -412.17 22455 | -227.83
157.64 | -402.04 178.75 | -430.13 203.12 | -452.47 232.69 | -224.18
157.64 | -401.98 178.75 | -430.44 203.12 | -452.38 232.69 | -224.23
161.72 | -437.99 189.16 | -501.69 203.28 | -453.08 238.89 | -209.83
161.72 | -438.12 189.16 | -501.69 203.28 | -453.16 238.89 | -210.04
171.26 | -515.59 191.74 | -517.11 209.82 | -478.85 24451 | -189.50
171.26 | -515.65 191.74 | -517.09 209.82 | -478.94 24451 | -190.74
17554 | -548.09 197.56 | -549.00 21541 | -494.33 250.96 | -153.90
175.54 | -548.00 197.56 | -548.97 21541 | -49431 250.96 | -153.59
181.37 | -587.99 201.29 | -566.05 219.26 | -502.08 255.98 | -110.21
181.37 | -588.08 201.29 | -565.95 219.26 | -502.07 255.98 | -110.66
186.64 | -621.15 206.54 | -586.66 222.27 | -505.68 263.24 -15.33
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Table D.8 (continued)

h*=74.95 m h*=85.09 m h* = 95.07 m

x (m) (klgl;;nz) x (m) (krg/;#) x (m) (kr\T/;BqZ)
186.64 | -621.10 | 206.54 | -586.67 | 22227 | -505.67
19160 | -648.26 | 212.01 | -603.03 | 22897 | -507.68
19160 | -64825 | 21201 | -603.12| 22897 | -507.74
19565 | -668.77 | 214.22 | -608.44 | 23345 | -50351
19565 | -668.82 | 214.22 | -608.35 | 23345 | -503.44
198.40 | -680.86 | 220.16 | -61843 | 237.61| -496.65
198.40 | -680.86 | 220.16 | -618.37 | 237.61| -496.68
20533 | -706.83 | 226.81 | -62229 | 24054 | -489.70
20533 | -706.85 | 226.81 | -622.39 | 24054 | -489.79
21148 | -724.04 | 227.53 | -622.36| 250.86 | -452.21
21148 | -72420 | 227.53 | -62237| 250.86 | -452.22
21431 | -730.22 | 23431 | -617.71| 255.00 | -432.42
21431 | -730.06 | 23431 | -617.94| 25500 | -432.34
21956 | -738.22 | 24502 | -504.64 | 26243 | -389.16
21956 | -738.34 | 24502 | -594.56 | 26243 | -389.22
23220 | -740.65 | 24594 | -591.87 | 26370 | -38L11
23220 | -740.32 | 24594 | -59158 | 26370 | -38L07
23227 | -740.28 | 247.14 | 58751 | 27225| -31840
23227 | -739.97 | 247.14 | -587.61| 27225 -318.34
23230 | -739.94 | 257.80 | -542.23 | 27485 | -297.95
23230 | -74031 | 257.80 | -542.29 | 274.85| -297.97
23234 | -740.26 | 26398 | -508.04 | 27943 | -258.42
23234 | -740.66 | 26398 | -508.16 | 27943 | -258.93
24650 | -713.63 | 267.50 | -486.85 | 28461 | -210.30
24650 | -713.49 | 267.50 | -486.73 | 28461 | -210.13
25123 | -697.35 | 27517 | -43376 | 29212 | -133.26
25123 | -697.36 | 27517 | -433.73| 29212 | -132.39
25726 | -673.68 | 276.74 | -422.07| 29676 | -76.32
25726 | -673.66 | 276.74 | -422.08| 29676 | -76.37
26137 | -654.45 | 28269 | -37444| 30119 | -8.18
26137 | -654.38 | 28269 | -374.45

268.42 | -616.25| 28617 | -344.85
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Table D.8 (continued)

h* = 74.95 m h* = 85.09 m

x (m) (kl\(IT/;;nz) x (m) (klgl;;nz)
268.42 | -61631| 28617 | -344.87
27692 | -56151 | 287.15| -336.16
276.92 | -561.52 | 287.15| -336.19
27877 | -548.75 | 29552 | -258.68
27877 | -548.62 | 29552 | -258.85
290.20 | -460.14 | 298.85 | -225.11
29020 | -459.87 | 298.85 | -225.46
29023 | -459.64 | 305.62 | -151.63
29023 | -459.58 | 305.62 | -151.61
299.84 | -375.13| 308.36 | -119.92
299.84 | -375.19 | 308.36 | -119.94
30650 | -312.34 | 31143 | -83.36
30650 | -312.20 | 31143 | -82.70
306.96 | -307.88 | 31616 | -8.83
306.96 | -307.80

31494 | -226.18

31494 | -225.85

316.18 | -213.00

316.18 | -213.73

32048 | -45.72

32048 | -47.97

33017 | -38.43

33017 | -36.25

33069 | -29.22

33069 | -2161

33137 |  -8.28
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Table D.9 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 140-m-

high cross-section

h* =35.022m h* = 50.069 m h* = 65.116 m h* =79.970 m
o, o, o, o,
XM v | ™ gamy | XM gemy) | K™ | enim?)
6143 | -491| 8400| -1236| 10657 | -1578| 12885| -12.95

70.10 | -179.25 84.93 -34.18 109.41 -70.52 134.78 | -114.39
70.10 | -181.77 84.93 -35.30 109.41 -69.04 134.78 | -114.15
72.49 | -222.80 86.91 -73.66 11493 | -157.10 137.30 | -149.04
7249 | -222.86 86.91 -75.13 11493 | -156.20 137.30 | -150.35
7595 | -271.11 93.27 | -178.59 118.28 | -202.00 144,05 | -232.55
75.95 | -271.48 93.27 | -179.97 118.28 | -203.67 144,05 | -232.30
85.55 | -395.53 96.60 | -228.79 120.02 | -226.55 148.04 | -276.62
85.55 | -395.83 96.60 | -228.32 120.02 | -225.88 148.04 | -276.70
96.14 | -516.82 104.96 | -333.23 130.76 | -349.37 150.85 | -306.26
96.14 | -516.47 104.96 | -333.24 130.76 | -349.33 150.85 | -306.31
98.55 | -541.73 108.29 | -372.60 133.87 | -383.03 159.42 | -393.98
98.55 | -541.71 108.29 | -372.66 133.87 | -383.11 159.42 | -393.88
100.87 | -565.53 11341 | -430.06 137.42 | -420.40 166.25 | -459.89
100.87 | -565.51 11341 | -430.03 137.42 | -420.43 166.25 | -459.96
108.22 | -639.80 120.31 | -503.35 147.33 | -519.02 170.00 | -494.71
108.22 | -639.78 120.31 | -503.29 147.33 | -519.01 170.00 | -494.67
11144 | -671.51 128.72 | -588.01 153.28 | -575.86 177.31 | -560.11
11144 | -671.52 128.72 | -587.95 153.28 | -575.81 17731 | -560.13
117.44 | -729.90 130.97 | -610.19 159.79 | -635.55 178.77 | -572.66
117.44 | -729.90 130.97 | -610.15 159.79 | -635.60 178.77 | -572.63
124.89 | -801.56 133.15 | -631.27 167.22 | -701.35 185.28 | -627.06
124.89 | -801.55 133.15 | -631.24 167.22 | -701.25 185.28 | -627.06
130.42 | -854.23 139.62 | -692.73 167.35 | -702.39 192.92 | -686.65
130.42 | -854.25 139.62 | -692.75 167.35 | -702.46 192.92 | -686.62
137.75 | -922.81 144.06 | -733.87 167.67 | -705.18 194.24 | -696.55
137.75 | -922.88 144.06 | -733.86 167.67 | -705.17 194.24 | -696.55
141.70 | -959.50 149.05 | -779.38 176.56 | -779.39 196.04 | -709.65
141.70 | -959.46 149.05 | -779.41 176.56 | -779.39 196.04 | -709.67
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Table D.9 (continued)

h*=35.022 m h* =50.069 m h*=65.116 m h*=79.970 m
X | oty | X | gy | X | g | x| &
151.34 | -1046.24 153.41 -818.44 178.97 -798.87 203.43 -760.71
151.34 | -1046.29 153.41 -818.46 178.97 -798.87 203.43 -760.68
153.23 | -1062.90 159.90 -875.27 186.27 -854.92 207.87 -788.53
153.23 | -1062.85 159.90 -875.19 186.27 -855.00 207.87 -788.59
161.69 | -1135.67 165.80 -925.34 187.70 -865.66 211.55 -810.44
161.69 | -1135.65 165.80 -925.36 187.70 -865.66 211.55 -810.39
169.31 | -1197.84 176.44 | -1010.91 189.15 -876.12 217.08 -840.21
169.31 | -1197.92 176.44 | -1010.84 189.15 -876.10 217.08 -840.27
173.61 | -1231.76 177.00 | -1015.24 195.40 -919.85 224.44 -874.59
173.61 | -1231.75 177.00 | -1015.29 195.40 -919.85 224.44 -874.58
180.75 | -1285.37 177.57 | -1019.65 197.39 -933.11 225.14 -877.55
180.75 | -1285.35 177.57 | -1019.70 197.39 -933.18 225.14 -877.49
185.20 | -1317.22 188.06 | -1096.70 206.26 -987.90 232.72 -905.96
185.20 | -1317.21 188.06 | -1096.69 206.26 -987.90 232.72 -905.96
194.17 | -1376.77 195.51 | -1146.29 209.07 | -1003.83 235.97 -916.10
194.17 | -1376.73 195.51 | -1146.38 209.07 | -1003.82 235.97 -916.12
194.99 | -1381.93 199.19 | -1169.50 213.55 | -1027.35 240.26 -927.68
194.99 | -1382.00 199.19 | -1169.48 213.55 | -1027.45 240.26 -927.62
203.46 | -1432.04 207.36 | -1215.96 217.61 | -1047.27 244.75 -937.23
203.46 | -1432.04 207.36 | -1215.92 217.61 | -1047.15 244.75 -937.33
207.36 | -1453.05 209.83 | -1229.17 224.33 | -1075.97 252.20 -947.15
207.36 | -1453.06 209.83 | -1229.14 224.33 | -1076.05 252.20 -947.06
213.61 | -1483.83 211.08 | -1235.43 230.19 | -1096.80 255.35 -949.49
213.61 | -1483.84 211.08 | -1235.51 230.19 | -1096.80 255.35 -949.47
215.72 | -1493.48 220.91 | -1280.53 234.64 | -1110.42 257.50 -950.21
215.72 | -1493.45 220.91 | -1280.54 234.64 | -1110.40 257.50 -950.27
222.34 | -1521.04 231.44 | -1317.36 240.77 | -1125.31 268.71 -945.25
222.34 | -1521.10 231.44 | -1317.28 240.77 | -1125.34 268.71 -945.19
229.58 | -1545.97 232.67 | -1321.03 241.68 | -1127.21 269.55 -944 .30
229.58 | -1546.03 232.67 | -1321.09 241.68 | -1127.20 269.55 -944 41
232.74 | -1555.59 23451 | -1325.96 24854 | -1138.51 269.79 -944.10
232.74 | -1555.59 234.51 | -1325.99 248.54 | -1138.58 269.79 -944.16
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Table D.9 (continued)

h*=35.022 m h* =50.069 m h*=65.116 m h*=79.970 m
X | oty | X | gy | X | g | x| o
237.59 | -1567.56 244.20 | -1347.19 253.74 | -1143.27 280.07 -924.96
237.59 | -1567.58 244.20 | -1347.14 253.74 | -1143.26 280.07 -924.90
24250 | -1577.92 248.19 | -1352.94 258.16 | -1145.35 289.67 -894.65
24250 | -1577.93 248.19 | -1352.95 258.16 | -1145.34 289.67 -894.83
245.68 | -1582.95 260.26 | -1359.90 261.11 | -1145.17 291.57 -887.90
245.68 | -1582.90 260.26 | -1359.59 261.11 | -1145.19 291.57 -887.80
251.82 | -1590.23 260.41 | -1359.59 269.24 | -1140.46 302.91 -836.94
251.82 | -1590.22 260.41 | -1359.69 269.24 | -1140.41 302.91 -836.81
256.89 | -1592.84 260.65 | -1359.66 276.33 | -1129.83 303.75 -832.51
256.89 | -1592.89 260.65 | -1359.82 276.33 | -1129.82 303.75 -832.54
261.59 | -1593.22 270.75 | -1353.46 283.68 | -1113.26 312.93 -779.68
261.59 | -1593.25 270.75 | -1353.40 283.68 | -1113.27 312.93 -779.68
270.64 | -1586.97 277.42 | -1343.09 293.18 | -1082.66 315.91 -760.98
270.64 | -1586.90 277.42 | -1343.22 293.18 | -1082.75 315.91 -760.89
273.08 | -1584.01 282.87 | -1331.42 297.73 | -1065.01 316.16 -759.22
273.08 | -1583.95 282.87 | -1331.32 297.73 | -1064.91 316.16 -759.40
274.78 | -1581.40 290.10 | -1310.96 308.96 | -1010.99 326.92 -683.65
274.78 | -1581.52 290.10 | -1311.09 308.96 | -1011.15 326.92 -683.58
282.35 | -1566.26 298.09 | -1281.66 313.34 -986.77 328.25 -673.48
282.35 | -1566.35 298.09 | -1281.57 313.34 -986.55 328.25 -673.53
286.95 | -1554.87 302.67 | -1262.50 321.95 -933.49 338.29 -593.13
286.95 | -1554.74 302.67 | -1262.55 321.95 -933.55 338.29 -593.10
288.17 | -1551.19 306.43 | -1244.79 331.90 -864.13 339.79 -580.37
288.17 | -1551.26 306.43 | -1244.77 331.90 -864.17 339.79 -580.31
298.63 | -1514.98 319.31 | -1174.79 334.15 -847.62 344.91 -535.67
298.63 | -1514.91 319.31 | -1174.78 334.15 -847.64 344.91 -535.69
300.36 | -1508.01 325.79 | -1134.13 342.19 -784.67 350.66 -483.99
300.36 | -1508.04 325.79 | -1134.07 342.19 -784.59 350.66 -484.21
302.52 | -1498.71 335.94 | -1063.67 351.32 -709.22 363.68 -358.72
302.52 | -1498.73 335.94 | -1063.77 351.32 -709.04 363.68 -358.56
313.27 | -1446.75 341.62 | -1021.23 352.81 -696.15 365.08 -344 .48
313.27 | -1446.72 341.62 | -1021.16 352.81 -696.31 365.08 -344.89

189




Table D.9 (continued)

h*=35.022 m h* =50.069 m h*=65.116 m h*=79.970 m
X | oty | X | gy | X | g | x| &
319.15 | -1413.76 349.50 -959.07 354.57 -680.76 365.25 -343.02
319.15 | -1413.83 349.50 -958.96 354.57 -680.89 365.25 -343.70
327.49 | -1362.24 360.56 -866.33 370.09 -539.08 365.55 -340.41
327.49 | -1362.18 360.56 -866.34 370.09 -539.08 365.55 -340.37
332.47 | -1329.13 367.00 -809.68 370.63 -533.90 381.39 -160.76
332.47 | -1329.14 367.00 -809.75 370.63 -533.98 381.39 -160.33
338.26 | -1287.96 374.76 -739.66 382.64 -414.29 390.99 -14.80
338.26 | -1288.02 374.76 -739.64 382.64 -414.22 390.99 -14.87
344.84 | -1239.00 378.61 -704.05 386.10 -378.51 391.15 -11.73
34484 | -1238.91 378.61 -704.05 386.10 -378.78
353.92 | -1166.84 385.16 -642.23 391.45 -320.65
353.92 | -1166.89 385.16 -642.22 391.45 -321.34
358.72 | -1126.87 390.16 -594.06 402.92 -180.40
358.72 | -1126.79 390.16 -594.14 402.92 -179.09
366.41 | -1060.83 394.10 -555.19 413.43 -14.26
366.41 | -1060.85 394.10 -555.26
375.86 -976.18 402.47 -469.05
375.86 -976.14 402.47 -469.15
378.44 -952.67 414.48 -335.56
378.44 -952.64 414.48 -336.38
383.54 -905.38 417.96 -293.92
383.54 -905.32 417.96 -292.86
391.93 -826.65 421.67 -241.73
391.93 -826.63 421.67 -242 .51
398.76 -761.18 436.00 -14.77
398.76 -761.20
407.47 -676.81
407.47 -676.90
412.24 -629.54
412.24 -629.48
42753 -472.23
427.53 -472.05
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Table D.10 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 140-

Table D.9 (continued)

h* = 35,022 m
x (m) (krg/lva)
43199 | -419.94
43199 | -419.85
44557 | -245.47
44557 | -243.25
450.86 | -160.33
450.86 | -160.25
45857 | -10.00

m-high cross-section

h* = 95,072 m h*=110.342 m h* = 125.416 m h* = 140,092 m
x (m) (kl\‘lT/;Fnz) x (m) (klgl;;nz) x (m) (kl\(lT/;;nZ) x (m) (klgl;Fnz)
15151 | 971 | 17441| -1567 | 197.02| -1884| 219.04| -1523
15188 | -1833| 17668 | -5297 | 200.90 | -76.59 | 226.59 | -126.60
15188 | -1822 | 17668 | -52.95| 200.90 | -7480 | 22659 | -125.92
156.36 | 9350 | 18153 | -117.94 | 209.10 | -173.88 | 228.82 | -150.60
15636 | -94.42 | 18153 | -117.80 | 209.10 | -173.16 | 22882 | -15185
16599 | -211.14 | 187.71| -189.47 | 211.08| -19163 | 232.79 | -184.95
16599 | -211.17 | 187.71| -189.23 | 211.08| -19191| 23279 | -183.75
16659 | -217.71 | 19204 | -232.83 | 218.25| -25482 | 236.88 | -208.35
16659 | -217.78 | 19204 | -232.72 | 218.25 | -254.96 | 236.88 | -207.95
16682 | -220.16 | 200.52 | -312.75 | 226.60 | -314.17 | 241.06 | -226.68
16682 | -220.27 | 20052 | -312.71| 226.60 | -314.19 | 24106 | -226.78
167.35 | -225.93 | 204.92 | -350.06 | 229.90 | -334.93 | 244.70 | -240.04
167.35 | -225.84 | 204.92 | -350.12 | 229.90 | -334.89 | 244.70 | -240.09
17899 | -34310 | 21182 | -404.15| 23179 | -34574 | 247.75 | -248.75
17899 | -34316 | 21182 | -404.17 | 23L79 | -34581 | 247.75 | -248.71
186.48 | -41253 | 21508 | -428.21 | 239.12 | -380.56 | 252.92 | -260.34
186.48 | -41250 | 21508 | -428.07 | 239.12 | -380.66 | 25292 | -260.38
188.30 | -428.78 | 21897 | -454.37 | 24363 | -398.12 | 250.63 | -265.47

191




Table D.10 (continued)

h*=95.072 m h*=110.342 m h*=125.416 m h* =140.092 m

| iy | XM | oy | XM | gy | x|
188.30 -428.76 218.97 -454.42 243.63 -398.11 259.63 -265.69
195.49 -489.54 223.68 -483.75 245.62 -404.10 263.72 -263.89
195.49 -489.68 223.68 -483.69 245.62 -404.04 263.72 -264.04
204.13 -556.06 230.77 -521.34 254.73 -423.18 270.29 -251.32
204.13 -556.01 230.77 -521.33 254.73 -423.10 270.29 -251.21
205.33 -564.75 231.69 -525.87 261.90 -424 97 273.22 -243.85
205.33 -564.69 231.69 -525.89 261.90 -424 .94 273.22 -243.54
206.74 -574.57 232.36 -528.98 262.89 -424.36 275.87 -234.99
206.74 -574.68 232.36 -528.95 262.89 -424.37 275.87 -234.93
214.37 -624.13 240.92 -562.43 271.02 -410.98 282.44 -207.44
214.37 -624.04 240.92 -562.47 271.02 -411.00 282.44 -209.55
220.88 -661.53 246.00 -576.02 273.20 -405.27 289.82 -153.63
220.88 -661.65 246.00 -576.02 273.20 -405.38 289.82 -154.46
227.35 -693.38 252.15 -587.17 283.07 -367.61 300.96 -19.64
227.35 -693.39 252.15 -587.07 283.07 -367.67

235.54 -726.58 259.78 -591.50 287.99 -343.25

235.54 -726.52 259.78 -591.51 287.99 -343.08

239.94 -740.36 261.16 -591.25 296.05 -292.69

239.94 -740.49 261.16 -591.23 296.05 -292.77

247.03 -755.91 268.61 -584.39 298.38 -275.99

247.03 -755.94 268.61 -584.44 298.38 -275.74

251.00 -762.10 274.41 -572.29 307.05 -205.28

251.00 -761.99 274.41 -572.32 307.05 -203.44

253.62 -764.41 282.17 -548.39 312.68 -147.18

253.62 -764.46 282.17 -548.36 312.68 -147.45

262.26 -766.30 287.68 -525.09 318.03 -84.94

262.26 -766.28 287.68 -525.08 318.03 -86.19

266.36 -763.47 294.14 -492.39 322.98 -13.48

266.36 -763.47 294.14 -492.35

276.28 -747.15 297.32 -473.73

276.28 -747.19 297.32 -473.79

281.59 -732.70 303.67 -432.75

192




Table D.10 (continued)

h* =95.072m h* = 110.342 m
x (m) (klg/;;nz) x (m) (kl\(lT/;;nz)
28159 | -732.73 | 30367 | -432.88
29553 | -676.72 | 307.37 | -406.32
29553 | -676.3L | 307.37 | -406.32
296.00 | -67347 | 31626 | -335.54
296.00 | -673.76 | 31626 | -335.47
29663 | -670.94 | 32087 | -295.56
29663 | -671.07 | 32087 | -295.62
30972 | -594.80 | 32293 | -277.16
30972 | -59455 | 32293 | -277.67
31368 | -567.35 | 33111 | -196.72
31368 | -567.37 | 339.28 | -101.62
32006 | -520.67 | 33928 | -102.20
32006 | -520.69 | 34154 | -75.08
326.41 | -46923 | 34154 | -74.02
32641 | -469.24 | 34328 | -5288
33034 | -436.12 | 34328 | -4857
33034 | -436.15| 34559 | -10.35
33647 | -38L15
33647 | -38L75
34111 | -337.69
34111 | -337.46
35286 | -219.51
35286 | -221.66
35313 | -218.23
35313 | -216.75
355.90 | -184.49
355.90 | -185.32
36623 | -50.23
36623 | -51.31
36849 | -15.67
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Table D.11 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 160-

m-high cross-section

h* = 40.095 m h* = 54.962 m h* = 69.876 m h* = 85.067 m
o, o), o, oy
XM | anmy | XM gnmg) | XM | gnmy) | 2™ | aevmy)

66.74 -14.95 89.04 -10.13 111.41 -15.07 134.20 -13.17
72.75 | -138.33 94.14 | -120.08 112.60 -40.14 142.86 | -159.46
72.75 | -138.55 94.14 | -119.39 112.60 -41.19 142.86 | -158.99
86.09 | -348.87 97.34 | -170.27 116.48 | -110.93 14480 | -188.14
86.09 | -348.50 97.34 | -175.74 116.48 | -112.16 14480 | -189.24
86.39 | -352.54 104.28 | -275.22 121.92 | -195.33 149.22 | -244.80
86.39 | -352.27 104.28 | -273.55 121.92 | -195.37 149.22 | -244.35
86.52 | -353.97 109.99 | -349.52 123.00 | -213.78 157.06 | -335.16
86.52 | -356.13 109.99 | -349.11 123.00 | -213.81 157.06 | -334.97
86.68 | -358.25 112.68 | -381.50 127.99 | -278.47 160.11 | -367.84
86.68 | -357.47 112.68 | -381.87 127.99 | -277.76 160.11 | -367.91
102.92 | -556.53 128.87 | -566.06 13535 | -366.34 169.81 | -469.14
102.92 | -556.26 128.87 | -565.90 13535 | -366.32 169.81 | -469.05
104.75 | -576.16 129.60 | -573.60 137.69 | -392.45 172.84 | -499.92
104.75 | -576.21 129.60 | -573.91 137.69 | -392.55 172.84 | -499.75
107.12 | -601.53 130.53 | -583.45 151.15 | -537.35 174.23 | -513.54
107.12 | -601.51 130.53 | -583.40 151.15 | -537.27 174.23 | -513.70
11599 | -694.17 14425 | -721.97 153.30 | -559.01 184.48 | -611.34
115.99 | -694.20 14425 | -721.88 153.30 | -559.08 184.48 | -611.25
120.36 | -737.97 150.04 | -777.84 157.18 | -597.70 19193 | -679.18
120.36 | -737.97 150.04 | -777.83 157.18 | -597.70 191.93 | -679.20
129.07 | -824.02 153.40 | -809.84 164.94 | -673.34 199.53 | -744.71
129.07 | -824.06 153.40 | -809.86 164.94 | -673.32 199.53 | -744.72
131.76 | -850.21 161.07 | -881.46 169.88 | -720.06 205.42 | -793.62
131.76 | -850.20 161.07 | -881.43 169.88 | -720.08 205.42 | -793.60
140.66 | -935.98 162.17 | -891.58 17498 | -767.01 213.53 | -856.63
140.66 | -935.98 162.17 | -891.60 17498 | -766.98 21353 | -856.62
14581 | -984.99 165.17 | -919.03 182.12 | -830.98 216.47 | -878.68
14581 | -985.01 165.17 | -919.03 182.12 | -830.98 216.47 | -878.77
154.88 | -1070.00 170.70 | -968.86 187.96 | -881.54 228.03 | -957.96
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Table D.11 (continued)

h* =40.095 m h* =54.962 m h* =69.876 m h* =85.067 m
) | oy | XM | oty | XM | g | x| o
154.88 | -1070.02 170.70 -968.89 187.96 -881.57 228.03 -957.91
157.64 | -1095.70 174.15 -999.28 196.33 -950.76 229.50 -967.30
157.64 | -1095.74 174.15 -999.26 196.33 -950.80 229.50 -967.32
160.98 | -1126.19 179.25 | -1043.59 201.49 -992.17 24155 | -1035.93
160.98 | -1126.17 179.25 | -1043.64 201.49 -992.14 241.55 | -1035.95
169.38 | -1201.65 183.10 | -1076.39 209.02 | -1048.96 24456 | -1050.94
169.38 | -1201.64 183.10 | -1076.37 209.02 | -1049.02 24456 | -1050.93
179.55 | -1289.39 189.91 | -1132.83 212.69 | -1075.64 253.43 | -1089.63
179.55 | -1289.31 189.91 | -1132.83 212.69 | -1075.66 253.43 | -1089.64
179.97 | -1292.85 198.55 | -1200.64 214.84 | -1090.62 257.53 | -1104.85
179.97 | -1292.87 198.55 | -1200.63 214.84 | -1090.60 257.53 | -1104.90
180.35 | -1296.01 201.24 | -1221.22 222.56 | -1142.22 264.81 | -1127.59
180.35 | -1296.09 201.24 | -1221.22 222.56 | -1142.23 26481 | -1127.54
190.74 | -1380.92 203.84 | -1240.47 233.12 | -1205.02 269.17 | -1138.89
190.74 | -1380.93 203.84 | -1240.50 233.12 | -1204.93 269.17 | -1139.06
201.63 | -1463.55 212.19 | -1299.85 234.10 | -1210.35 276.97 | -1153.79
201.63 | -1463.42 212.19 | -1299.82 234.10 | -1210.36 276.97 | -1153.74
202.09 | -1466.73 219.69 | -1348.71 234.69 | -1213.53 283.78 | -1162.55
202.09 | -1466.79 219.69 | -1348.69 234.69 | -1213.74 283.78 | -1162.46
202.58 | -1470.32 220.95 | -1356.66 247.87 | -1276.87 287.75 | -1164.68
202.58 | -1470.42 220.95 | -1356.69 247.87 | -1276.81 287.75 | -1164.77
213.88 | -1548.33 224.20 | -1376.33 249.47 | -1283.32 297.23 | -1164.33
213.88 | -1548.33 224.20 | -1376.28 249.47 | -1283.35 297.23 | -1164.29
222.28 | -1600.40 230.71 | -1413.60 258.91 | -1317.24 301.24 | -1161.44
222.28 | -1600.47 230.71 | -1413.67 258.91 | -1317.33 301.24 | -1161.41
226.10 | -1622.80 232.66 | -1424.08 262.14 | -1326.76 311.15 | -1146.78
226.10 | -1622.79 232.66 | -1424.06 262.14 | -1326.58 311.15 | -1146.96
229.62 | -1642.00 242.60 | -1472.83 269.67 | -1345.56 317.92 | -1131.03
229.62 | -1642.00 242.60 | -1472.82 269.67 | -1345.63 317.92 | -1130.86
238.10 | -1685.05 248.20 | -1496.14 277.87 | -1359.38 325.18 | -1109.32
238.10 | -1684.98 248.20 | -1496.22 277.87 | -1359.50 325.18 | -1109.33
243.41 | -1708.85 252.38 | -1512.18 283.95 | -1366.32 330.96 | -1087.91
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Table D.11 (continued)

h* =40.095 m h* =54.962 m h* =69.876 m h* =85.067 m
X | iy | XM | vy | XM | gy | x| g
243.41 | -1708.92 252.38 | -1512.14 283.95 | -1366.17 330.96 | -1088.06
250.73 | -1737.97 259.55 | -1535.72 293.66 | -1369.05 340.48 | -1046.14
250.73 | -1737.96 259.55 | -1535.78 293.66 | -1368.91 340.48 | -1045.99
253.22 | -1746.99 264.21 | -1548.61 293.80 | -1368.89 346.29 | -1016.00
253.22 | -1747.06 264.21 | -1548.53 293.80 | -1369.09 346.29 | -1016.01
259.61 | -1767.02 273.14 | -1567.77 303.55 | -1362.78 353.20 -975.65
259.61 | -1767.04 273.14 | -1567.87 303.55 | -1362.74 353.20 -975.72
264.81 | -1781.30 281.80 | -1579.07 307.25 | -1358.23 360.34 -930.66
26481 | -1781.27 281.80 | -1579.07 307.25 | -1358.26 360.34 -930.53
266.80 | -1785.89 287.44 | -1583.29 312.90 | -1348.11 368.53 -873.12
266.80 | -1785.95 287.44 | -1583.26 312.90 | -1348.22 368.53 -873.15
277.37 | -1805.18 295.02 | -1583.31 321.29 | -1328.62 370.13 -861.49
277.37 | -1805.21 295.02 | -1583.39 321.29 | -1328.42 370.13 -861.41
283.42 | -1811.34 298.98 | -1581.86 330.39 | -1299.60 378.00 -800.71
283.42 | -1811.34 298.98 | -1581.82 330.39 | -1299.68 378.00 -800.77
289.62 | -1814.79 302.29 | -1579.05 340.23 | -1259.17 390.48 -696.56
289.62 | -1814.76 302.29 | -1579.03 340.23 | -1259.17 390.48 -696.35
299.81 | -1812.23 309.29 | -1570.64 351.62 | -1201.93 390.71 -694.42
299.81 | -1812.16 309.29 | -1570.64 351.62 | -1201.88 390.71 -694.63
300.81 | -1811.47 317.55 | -1554.21 359.69 | -1154.27 390.91 -692.82
300.81 | -1811.50 317.55 | -1554.20 359.69 | -1154.29 390.91 -692.83
303.12 | -1809.31 320.07 | -1548.25 367.51 | -1103.58 403.63 -576.77
303.12 | -1809.28 320.07 | -1548.34 367.51 | -1103.60 403.63 -576.75
311.18 | -1798.68 322.92 | -1540.40 370.97 | -1079.58 412.61 -490.08
311.18 | -1798.64 322.92 | -1540.30 370.97 | -1079.50 412.61 -490.01
314.37 | -1792.61 333.11 | -1507.55 378.32 | -1026.31 414.86 -467.24
314.37 | -1792.62 333.11 | -1507.62 378.32 | -1026.33 414.86 -467.31
319.68 | -1780.85 339.47 | -1481.99 390.00 -934.60 426.68 -343.59
319.68 | -1780.88 339.47 | -1481.96 390.00 -934.58 426.68 -344.68
325.40 | -1765.10 352.78 | -1417.61 390.86 -927.65 430.85 -296.47
325.40 | -1765.05 352.78 | -1417.62 390.86 -927.57 430.85 -294.26
329.26 | -1753.20 360.40 | -1374.31 391.75 -920.21 439.92 -183.62
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Table D.11 (continued)

h* = 40.095 m h* = 54.962 m h* = 69.876 m

x (m) (klgl;;nz) x () (kr\‘JT/’VmZ) x (m) (kKT/;FnZ)
32026 | -175321 | 36040 | -137428 | 39175 | -920.27
33270 | -1741.09 | 368.05 | -1326.30 | 40352 | -819.62
33270 | -1741.16 | 368.05 | -1326.39 | 40352 | -819.62
34356 | -1696.95 | 37329 | -1291.19 | 41559 | -710.08
34356 | -1696.86 | 37329 | -1291.14 | 41559 | -710.09
34758 | -1678.36 | 378.63 | -125353 | 416.65 | -700.27
34758 | -1678.40 | 378.63 | -125353 | 416.65 | -700.21
352.37 | -1653.95 | 388.00 | -1183.16 | 417.78 | -689.54
352.37 | -1653.93 | 388.00 | -1183.19 | 417.78 | -689.57
362.71 | -1596.28 | 390.78 | -116157 | 430.87 | -561.83
362.71 | -1596.25 | 390.78 | -116153 | 430.87 | -561.82
372.00 | -1537.42 | 392.88 | -1144.77 | 44863 | -372.28
372.00 | -1537.44 | 392.88 | -1144.72 | 44863 | -372.32
376.28 | -1508.65 | 403.49 | -1057.11 | 44931 | -364.66
376.28 | -1508.64 | 40349 | -1057.11 | 44931 | -36459
385.07 | -1445.40 | 41660 | -942.35 | 44963 | -361.05
385.07 | -1445.44 | 41660 | -94229 | 44963 | -361.88
380.60 | -141151 | 41695 | -939.14 | 46138 | -21357
380.60 | -1411.46 | 41695 | -939.07 | 47313 | -33.07
392.40 | -1380.65 | 41724 | -936.46 | 47313 | -35.09
39240 | -138957 | 41724 | -936.60 | 47329 | -32.60
402.88 | -1305.10 | 43093 | -81025| 47329 | -20.49
402.88 | -1305.09 | 43093 | -81025| 47341 -27.70
416.03 | -1191.79 | 44241 | -699.94 | 47341 -1361
416.03 | -1191.60 | 44241 | -70003 | 47359 |  -9.42
416.28 | -1180.44 | 445.78 | -666.46

416.28 | -1180.48 | 445.78 | -666.46

416.60 | -1186.60 | 450.91 | -614.15

416.60 | -1186.73 | 450.91 | -614.13

429.72 | -1067.77 | 458.83 | -53L.19

429.72 | -1067.77 | 458.83 | -53L.19

43886 | -981.86 | 464.58 | -467.90
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Table D.11 (continued)

h* = 40,095 m h* = 54.962 m
X (m) (kﬁ/;;nz) x (m) (kIg/;;nz)
43886 | -981.85 | 46458 | -469.09
44382 | 93473 | 469.47 | -41154
44382 | -934.60 | 469.47 | -411.32
450.71 | -868.51 | 480.19 | -277.99
450.71 | -868.51 | 480.19 | -277.29
457.06 | -806.83 | 48347 | -226.67
457.06 | -806.80 | 483.47 | -227.47
450.87 | -779.38 | 49596 | -11.28
450.87 | -779.38
471.97 | -658.20
47197 | -658.35
472.27 | -655.30
472.27 | -655.21
472.85 | -649.27
472.85 | -649.40
486.34 | -501.68
486.34 | -503.28
493.15 | -417.23
493.15 | -417.49
506.21 | -240.78
506.21 | -237.18
510.10 | -17657
510.10 | -176.14
51826 |  -6.04
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Table D.12 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 160-

m-high cross-section

h* = 100.078 m h* = 114.673 m h* = 130.175 m h* = 145.141 m
o, o, o, o,
XM v | ™ gamy | XM geemy) | X™ | enim?)

156.72 -17.75 178.61 -17.76 201.86 -15.56 22431 -17.70
159.79 -71.72 181.18 -60.42 210.38 | -137.34 227.73 -72.01
159.79 -70.21 181.18 -60.35 210.38 | -137.08 2271.73 -70.36
167.11 | -174.33 187.06 | -141.36 21340 | -172.82 240.25 | -216.41
167.11 | -173.03 187.06 | -140.82 21340 | -173.73 240.25 | -216.26
170.79 | -219.27 196.97 | -256.57 219.18 | -235.77 240.60 | -219.53
170.79 | -218.80 196.97 | -256.40 219.18 | -235.43 240.60 | -220.00
171.85 | -233.44 200.94 | -297.17 226.94 | -310.61 241.60 | -228.87
171.85 | -232.86 200.94 | -297.07 226.94 | -310.49 241.60 | -229.04
17461 | -264.05 208.33 | -369.74 230.95 | -346.10 256.46 | -343.59
17461 | -263.73 208.33 | -369.70 230.95 | -346.22 256.46 | -343.49
185.23 | -376.11 215.03 | -432.70 24119 | -430.05 259.66 | -363.86
185.23 | -376.15 215.03 | -432.75 24119 | -429.85 259.66 | -363.87
190.24 | -425.56 218.32 | -462.17 24281 | -441.82 264.44 | -389.86
190.24 | -425.54 218.32 | -462.16 24281 | -441.97 264.44 | -389.84
202.42 | -540.92 227.75 | -540.41 24439 | -453.13 275.08 | -434.42
202.42 | -540.82 227.75 | -540.39 24439 | -453.21 275.08 | -434.36
204.90 | -562.86 233.09 | -581.23 256.26 | -528.52 284.68 | -457.63
204.90 | -562.95 233.09 | -581.27 256.26 | -528.63 284.68 | -457.61
210.71 | -612.66 238.39 | -618.31 267.18 | -579.21 286.93 | -460.74
210.71 | -612.67 238.39 | -618.27 267.18 | -579.42 286.93 | -460.79
21892 | -679.67 242.61 | -645.88 272.44 | -598.51 289.43 | -462.35
218.92 | -679.66 242.61 | -645.94 272.44 | -598.27 289.43 | -462.37
222.35 | -706.16 247.05 | -672.22 281.27 | -619.93 299.35 | -457.46
222.35 | -706.23 247.05 | -672.18 281.27 | -619.90 299.35 | -457.41
235.33 | -795.88 254.22 | -710.84 28297 | -622.67 311.16 | -426.24
235.33 | -795.87 254.22 | -710.90 282.97 | -622.66 311.16 | -426.05
238.83 | -817.65 261.79 | -744.32 290.73 | -629.11 312,57 | -420.87
238.83 | -817.54 261.79 | -744.37 290.73 | -629.16 312,57 | -420.83
24543 | -853.94 268.17 | -768.07 293.89 | -628.90 315.85 | -406.94
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Table D.12 (continued)

h* =100.078 m h* =114.673 m h*=130.175m h* =145.141 m
X | oty | X | gy | X | g | x| &
245.43 -854.09 268.17 -768.08 293.89 -628.87 315.85 -406.95
249.02 -872.15 279.19 -794.59 301.94 -621.00 323.28 -370.57
249.02 -872.12 279.19 -794.67 301.94 -621.02 323.28 -370.64
255.65 -901.48 283.13 -800.95 306.37 -611.97 333.51 -304.84
255.65 -901.49 283.13 -800.88 306.37 -611.92 333.51 -304.57
258.26 -912.20 284.98 -802.66 311.24 -599.14 335.23 -292.36
258.26 -912.07 284.98 -802.75 311.24 -599.29 335.23 -292.82
259.03 -915.07 298.33 -803.38 321.22 -560.68 349.25 -162.05
259.03 -915.21 298.33 -803.34 321.22 -560.70 349.25 -161.69
268.99 -947.76 301.68 -799.61 325.28 -541.64 353.79 -112.41
268.99 -947.82 301.68 -799.56 325.28 -541.54 353.79 -112.58
276.36 -964.28 311.00 -781.62 330.01 -515.67 360.69 -14.86
276.36 -964.35 311.00 -781.61 330.01 -515.78

280.64 -971.27 318.28 -759.57 338.82 -459.89

280.64 -971.28 318.28 -759.54 338.82 -459.73

292.39 -978.63 324.51 -735.16 344.73 -417.41

292.39 -978.64 324.51 -735.20 344.73 -417.43

295.33 -978.07 334.46 -686.53 350.42 -371.90

295.33 -978.02 334.46 -686.38 350.42 -371.84

300.29 -974.24 335.15 -682.53 354.97 -333.08

300.29 -974.36 335.15 -682.63 354.97 -333.54

306.58 -966.27 335.96 -677.92 362.84 -260.31

306.58 -966.14 335.96 -677.97 362.84 -262.08

314.43 -949.23 344.91 -624.04 365.59 -234.06

314.43 -949.21 344.91 -624.05 365.59 -232.22

315.28 -946.89 350.77 -583.42 370.80 -175.43

315.28 -946.92 350.77 -583.40 370.80 -177.36

323.72 -919.87 357.08 -536.55 378.65 -80.52

323.72 -919.90 357.08 -536.60 378.65 -80.09

332.10 -885.16 368.27 -442 47 380.75 -54.15

332.10 -885.23 368.27 -442 .48 380.75 -51.30

335.23 -870.96 371.61 -412.94 383.14 -12.26
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Table D.12 (continued)

h* = 100.078 m h* = 114.673 m
X (m) (kl\(lT/;;nz) X (m) (krg/;w)
33523 | -870.95 | 37161 | -412.89
33000 | -85141| 38545 | -278.14
33000 | -851.35 | 38545 | -277.51
346.74 | -808.47 | 386.28 | -269.23
346.74 | -808.49 | 386.28 | -270.17
35352 | -764.84 | 40234 | -80.24
35352 | -764.82 | 40234 | -77.89
35093 | -720.70 | 406.39 | -1057
35093 | -720.64
36421 | -688.71
36421 | -688.76
37256 | -621.95
37256 | -621.92
376.64 | -587.78
37664 | -587.87
380.77 | -469.14
380.77 | -469.06
39030 | -464.10
39030 | -463.74
39101 | -457.06
39101 | -457.60
404.84 | -318.14
404.84 | -317.94
41538 | -202.03
41538 | -200.84
41891 | -155.71
41891 | -154.59
42828 | -12.17
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Table D.13 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 180-

m-high cross-section

h* = 48.004 m h* = 68.145 m h* = 87.929 m h* = 108.011 m
o, o, o, o,
XM | anmg) | X aawm? | X™ | gavmy | XM | enm?)

76.31 -10.26 106.52 -13.74 136.19 -13.02 166.32 -20.36

79.55 -87.30 109.35 -714.75 140.12 -91.74 17431 | -148.55

79.55 -83.36 109.35 -73.13 140.12 -91.29 17431 | -148.42

85.99 | -206.50 113.21 | -144.66 146.43 | -188.52 179.85 | -219.25

85.99 | -206.14 113.21 | -145.96 146.43 | -189.01 179.85 | -220.95

9451 | -341.11 118.56 | -227.55 152.39 | -268.87 185.20 | -286.74

9451 | -339.68 118.56 | -231.19 152.39 | -268.43 185.20 | -285.81
101.70 | -435.64 122.55 | -288.86 154.59 | -298.55 196.96 | -413.14
101.70 | -435.37 122.55 | -287.41 15459 | -299.41 196.96 | -413.22
114.76 | -593.95 130.64 | -390.54 157.58 | -336.33 198.77 | -432.05
11476 | -594.01 130.64 | -390.64 157.58 | -335.57 198.77 | -432.14
118.69 | -637.28 140.01 | -501.10 171.12 | -485.96 211.88 | -560.74
118.69 | -637.28 140.01 | -501.16 171.12 | -485.93 211.88 | -560.79
129.69 | -753.48 143.49 | -539.63 173.33 | -509.39 216.83 | -607.62
129.69 | -753.23 143.49 | -539.62 173.33 | -509.52 216.83 | -607.54
134.83 | -805.83 151.27 | -622.87 185.64 | -633.75 228.32 | -709.65
134.83 | -805.69 151.27 | -622.85 185.64 | -633.85 228.32 | -709.62
136.55 | -823.02 156.08 | -672.94 191.30 | -688.85 229.53 | -720.02
136.55 | -823.02 156.08 | -672.97 191.30 | -688.77 229.53 | -720.03
149.32 | -947.83 159.05 | -703.23 199.96 | -769.71 238.14 | -790.47
149.32 | -947.85 159.05 | -703.11 199.96 | -769.67 238.14 | -790.48
153.20 | -985.29 168.37 | -794.95 213.15 | -886.54 24192 | -820.02
153.20 | -985.30 168.37 | -794.92 213.15 | -886.50 24192 | -820.04
163.24 | -1080.69 176.71 | -874.29 21453 | -898.45 249.50 | -875.81
163.24 | -1080.66 176.71 | -874.27 21453 | -898.37 249.50 | -875.91
167.79 | -1123.28 179.59 | -901.34 216.04 | -911.19 259.96 | -94551
167.79 | -1123.31 179.59 | -901.33 216.04 | -911.20 259.96 | -945.45
173.84 | -1179.37 181.93 | -922.99 227.70 | -1005.90 262.12 | -958.64
173.84 | -1179.38 181.93 | -923.06 227.70 | -1005.86 262.12 | -958.71
181.90 | -1252.80 190.51 | -1000.95 231.69 | -1036.47 263.66 | -967.71
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Table D.13 (continued)

h* =48.004 m h* = 68.145 m h*=87.929 m h*=108.011 m
| ooy | XM | i | XM | ganm | XM | gor
181.90 | -1252.77 190.51 | -1000.91 231.69 | -1036.52 263.66 -967.81
190.98 | -1333.09 196.86 | -1057.14 238.55 | -1086.70 275.91 | -1032.64
190.98 | -1333.12 196.86 | -1057.16 238.55 | -1086.73 27591 | -1032.66
192.07 | -1342.58 206.68 | -1140.76 243.75 | -1123.33 280.03 | -1050.98
192.07 | -1342.61 206.68 | -1140.80 243.75 | -1123.36 280.03 | -1050.90
202.44 | -1430.60 213.04 | -1193.20 250.54 | -1167.74 287.74 | -1081.85
202.44 | -1430.66 213.04 | -1193.18 250.54 | -1167.69 287.74 | -1081.81
205.01 | -1451.73 221.77 | -1261.67 257.20 | -1208.45 298.02 | -1114.48
205.01 | -1451.72 221.77 | -1261.68 257.20 | -1208.48 298.02 | -1114.19
216.71 | -1544.40 226.09 | -1294.40 260.49 | -1226.99 298.57 | -1115.67
216.71 | -1544.44 226.09 | -1294.44 260.49 | -1227.05 298.57 | -1115.90
220.39 | -1572.11 236.74 | -1370.06 274.87 | -1297.90 299.84 | -1118.98
220.39 | -1572.12 236.74 | -1370.05 274.87 | -1297.90 299.84 | -1118.93
231.09 | -1648.81 240.07 | -1392.53 277.37 | -1308.89 309.75 | -1138.69
231.09 | -1648.79 240.07 | -1392.54 277.37 | -1308.56 309.75 | -1138.75
234.63 | -1672.92 241.52 | -1402.00 278.04 | -1311.35 313.17 | -1143.12
234.63 | -1672.93 241.52 | -1402.14 278.04 | -1311.48 313.17 | -1143.07
238.68 | -1699.24 252.76 | -1470.78 281.99 | -1326.50 320.55 | -1148.92
238.68 | -1699.28 252.76 | -1470.76 281.99 | -1326.55 320.55 | -1148.92
248.13 | -1757.38 255.03 | -1483.84 289.87 | -1353.39 328.98 | -1148.48
248.13 | -1757.27 255.03 | -1483.73 289.87 | -1353.33 328.98 | -1148.55
254.39 | -1792.68 255.47 | -1486.18 291.42 | -1357.83 332.08 | -1146.78
254.39 | -1792.67 255.47 | -1486.26 291.42 | -1357.80 332.08 | -1146.76
265.60 | -1848.74 264.83 | -1535.07 298.86 | -1377.06 343.31 | -1131.65
265.60 | -1848.87 264.83 | -1535.08 298.86 | -1377.08 343.31 | -1131.65
269.85 | -1867.86 272.37 | -1569.22 306.66 | -1391.79 345.05 | -1128.42
269.85 | -1867.79 272.37 | -1569.29 306.66 | -1391.80 345.05 | -1128.38
280.84 | -1910.63 278.07 | -1592.45 312.23 | -1399.44 34541 | -1127.61
280.84 | -1910.68 278.07 | -1592.52 312.23 | -1399.47 34541 | -1127.71
284.68 | -1923.53 293.12 | -1640.49 319.22 | -1404.49 358.52 | -1091.42
284.68 | -1923.48 293.12 | -1640.31 319.22 | -1404.53 358.52 | -1091.49
294.88 | -1951.79 294.74 | -1644.59 326.41 | -1406.13 363.85 | -1072.05
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Table D.13 (continued)

h* =48.004 m h* =68.145 m h*=87.929 m h*=108.011 m
| iy | X | i | ™| gorm | XM | gor
294.88 | -1951.82 294.74 | -1644.35 326.41 | -1406.06 363.85 | -1071.91
296.68 | -1955.97 295,52 | -1646.28 334.98 | -1400.85 371.89 | -1038.13
296.68 | -1955.96 295.52 | -1646.38 334.98 | -1400.92 371.89 | -1038.11
307.23 | -1975.24 296.59 | -1648.78 339.23 | -1396.43 37753 | -1010.59
307.23 | -1975.31 296.59 | -1649.19 339.23 | -1396.45 37753 | -1010.74
311.42 | -1980.43 316.19 | -1678.41 342.64 | -1391.20 384.63 -972.21
311.42 | -1980.41 316.19 | -1678.20 342.64 | -1391.12 384.63 -972.09
324.18 | -1987.35 318.65 | -1679.56 352.40 | -1371.93 389.37 -943.75
324.18 | -1987.37 318.65 | -1679.62 352.40 | -1371.98 389.37 -943.81
328.27 | -1987.02 330.49 | -1679.68 362.00 | -1344.14 394.02 -913.75
328.27 | -1986.98 330.49 | -1679.64 362.00 | -1344.23 394.02 -913.74
334.96 | -1982.76 333.44 | -1677.75 368.89 | -1319.94 403.66 -847.36
334.96 | -1982.89 333.44 | -1677.75 368.89 | -1319.79 403.66 -847.37
341.07 | -1976.62 341.72 | -1669.11 375.87 | -1290.28 412.61 -778.38
341.07 | -1976.46 341.72 | -1669.00 375.87 | -1290.38 412.61 -778.39
351.32 | -1958.87 348.11 | -1658.46 381.84 | -1262.59 420.08 -717.73
351.32 | -1958.98 348.11 | -1658.49 381.84 | -1262.52 420.08 -717.74
358.11 | -1942.41 358.57 | -1633.45 393.14 | -1200.96 430.80 -623.16
358.11 | -1942.41 358.57 | -1633.57 393.14 | -1200.90 430.80 -623.24
369.73 | -1905.96 360.64 | -1627.75 394.43 | -1193.40 439.64 -541.19
369.73 | -1905.93 360.64 | -1627.65 394.43 | -1193.38 439.64 -541.96
374.77 | -1886.93 373.01 | -1584.82 397.66 | -1173.46 446.89 -469.96
374.77 | -1886.96 373.01 | -1584.60 397.66 | -1173.37 446.89 -469.81
382.57 | -1853.32 373.21 | -1583.82 408.11 | -1104.83 462.82 -304.36
382.57 | -1853.37 373.21 | -1583.95 408.11 | -1104.86 462.82 -305.01
388.69 | -1824.69 373.97 | -1580.87 413.23 | -1068.03 464.82 -279.89
388.69 | -1824.67 373.97 | -1580.91 413.23 | -1067.97 464.82 -278.38
399.71 | -1765.00 385.80 | -1527.67 423.63 -989.62 478.33 -105.71
399.71 | -1764.99 385.80 | -1527.64 423.63 -989.63 478.33 -104.40
40459 | -1736.57 389.31 | -1509.60 433.28 -911.02 482.39 -42 .17
40459 | -1736.42 389.31 | -1509.57 433.28 -911.09 482.39 -42.12
406.15 | -1726.85 398.41 | -1459.37 440.68 -847.41 483.68 -20.00
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Table D.13 (continued)

h* = 48.004 m h* = 68.145 m h* = 87.929 m
x (m) (klgl;;nz) x (m) (klgl;;nz) x (m) (krg/;FnZ)
406.15 | -1727.01 | 39841 | -1459.36 | 440.68 | -847.30
411.86 | -1690.49 | 405.16 | -1417.98 | 456.06 | -708.00
411.86 | -1690.49 | 405.16 | -1418.05 | 456.06 | -707.98
42169 | -1624.32 | 41020 | -1385.51 | 458.32 | -686.28
42169 | -1624.27 | 41020 | -1385.46 | 458.32 | -686.38
425.75 | -1504.95 | 417.79 | -1333.10 | 468.75 | -584.44
425.75 | -1504.87 | 417.79 | -1333.07 | 479.18 | -477.61
43470 | -1527.83 | 42408 | -1287.42 | 479.18 | -479.19
434.70 | -1527.83 | 42408 | -1287.42 | 479.52 | -475.41
446.66 | -1431.92 | 43345 | -1215.24 | 479.52 | -474.69
446.66 | -1431.91 | 43345 | -1215.23 | 480.02 | -469.08
44820 | -1419.20 | 43444 | -1207.43 | 480.02 | -469.47
44820 | -1419.13 | 43444 | -1207.47 | 499.74 | -23653
449.33 | -1409.68 | 43954 | -1166.08 | 499.74 | -236.01
44933 | -1409.72 | 43954 | -1165.99 | 511.92 | -52.09
462.26 | -1298.60 | 44869 | -1089.44 | 511.92 | -52.37
462.26 | -1298.62 | 44869 | -1089.38 | 51381 | -15.79
472.67 | -1204.89 | 45009 | -1077.34
472.67 | -1204.89 |  450.09 | -1077.50
477.47 | -1160.90 | 45576 | -1027.65
477.47 | -1160.86 | 45576 | -1027.68
48140 | -112438 | 46761 | -921.19
48140 | -112439 | 46761 | -921.12
49372 | -1008.38 | 47028 | -896.54
49372 | -1008.37 | 47028 | -896.47
50046 | -94356 | 48245 | -780.89
50046 | -94354 | 48245 | -780.82
50852 | -865.25 | 48437 | -762.20
50852 | -865.41 | 48437 | -762.34
51828 | -767.05 | 49839 | -619.68
51828 | -767.07 | 49839 | -619.57
52532 | -694.85 | 50339 | -567.08
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Table D.14 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 180-

Table D.13 (continued)

h* = 48.004 m h* = 68.145 m
x (m) (klgl;;nz) x (m) (klgl;;nz)
52532 | -694.80 | 50339 | -567.51
53161 | -627.63 | 509.81 | -496.81
53161 | -627.64 | 509.81 | -498.32
54490 | -471.03 | 52640 | -290.87
54490 | -47032 | 52640 | -289.79
548.87 | -42043 | 54162 -53.17
548.87 | -421.89 | 54162 | -56.34
560.24 | -26052 | 54270 | -38.53
57161 | -68.00| 54270 | -30.10
57161 | -6351| 54348 | -11.90
57271 | -44.53

57271 | -34.89

57369 | -13.32

m-high cross-section

h*=128038m | h*=148064m | h*=167.718m | h*=187.812m
| goumd | X | e | X | goumy | <M | o
19636 | -1830| 22640| -1721| 25588 | -13.70| 28602 | -18.79
20300 | -12137| 23221| -10664| 25612| -1863| 28691| -37.45
20300 | -119.96 | 23221| -10525| 25612 -1850| 28691 | -39.47
21238 | -23848 | 24088 | -21085| 26234 -11678 | 289.67 | -83.5
21238 | -238.02| 24088 | 20060 | 26234 -11730| 289.67| -86.15
21712 | -28861| 24304| 23363 | 27175 22203 | 298.68 | -187.19
21712 | -288.66 | 24304| 23467 | 27175 22019 | 298.68 | -185.41
22708 | -390.69 | 24451| 25053 | 27376 -24063 | 300.73 | -20531
20708 | -390.69 | 24451| 24063 | 27376 -24158 | 300.73 | -206.33
235.03 | -466.05 | 25580 | -358.66 | 276.01| 26178 | 30463 | -223.12
235.03 | -466.19 | 25580 | -358.55 | 27601 | 26132 | 30463 | -220.48
24333 | -54074 | 25762 | -37414 | 288.07 | -34943 | 31465 | -241.02
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Table D.14 (continued)

h*=128.038 m h* = 148.064 m h*=167.718 m h*=187.812 m
| ooy | XM | i | XM | ganm | XM | gor
243.33 -540.63 257.62 -374.36 288.07 -349.17 314.65 -241.71
248.77 -586.32 262.51 -415.79 297.94 -402.63 323.74 -247.06
248.77 -586.33 262.51 -415.67 297.94 -402.72 323.74 -247.60
253.50 -623.57 271.84 -487.98 303.77 -426.75 331.51 -242.02
253.50 -623.62 271.84 -488.06 303.77 -426.39 331.51 -242.21
263.84 -699.30 276.47 -519.30 313.90 -455.87 337.36 -233.84
263.84 -699.16 276.47 -519.23 313.90 -455.63 337.36 -236.02
269.08 -732.77 287.43 -584.66 321.81 -465.69 340.45 -230.92
269.08 -732.92 287.43 -584.64 321.81 -465.86 340.45 -229.10
277.69 -781.76 299.40 -637.10 331.93 -460.77 356.21 -135.02
277.69 -781.78 299.40 -637.23 331.93 -460.65 356.21 -132.60
283.93 -814.25 303.09 -649.99 334.72 -456.20 361.60 -68.56
283.93 -814.18 303.09 -649.77 334.72 -456.22 361.60 -65.92
290.27 -841.67 314.00 -675.51 337.36 -450.15 362.55 -54.63
290.27 -841.67 314.00 -675.39 337.36 -450.13 362.55 -49.46
297.31 -867.59 315.08 -676.98 348.28 -414.29 363.98 -25.20
297.31 -867.50 315.08 -677.09 348.28 -414.38

302.34 -881.93 323.93 -683.59 363.27 -334.60

302.34 -882.01 323.93 -683.55 363.27 -333.54

307.33 -893.83 328.97 -681.96 363.49 -332.11

307.33 -893.73 328.97 -682.04 363.49 -333.61

313.27 -903.78 340.81 -663.65 363.59 -333.00

313.27 -903.87 340.81 -663.62 363.59 -334.41

323.40 -911.29 344.33 -654.34 363.92 -332.13

323.40 -911.17 344.33 -654.34 363.92 -334.72

324.15 -911.31 349.55 -636.63 378.79 -212.23

324.15 -911.36 349.55 -636.67 378.79 -210.60

324.81 -911.32 357.98 -602.27 389.75 -83.94

324.81 -911.43 357.98 -602.26 389.75 -80.61

336.18 -903.26 364.30 -569.72 392.31 -43.46

336.18 -903.27 364.30 -569.75 392.31 -45.02

344.95 -886.14 369.66 -538.53 394.12 -13.86
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Table D.14 (continued)

h* = 128,038 m h* = 148.064 m
x (m) (klgl;;nz) x (m) (klgl;;nz)
344.95 | -886.23 | 369.66 | -538.49
34900 | -875.74 | 37534 | -501.04
34900 | -875.78 | 37534 | -501.25
36381 | -82023 | 38180 | -455.14
36381 | -820.00 | 38180 | -455.21
365.06 | -81439 | 30173 | -374.33
365.06 | -814.14 | 39173 | -374.29
365.32 | -812.90 | 395.04 | -34547
365.32 | -813.49 | 395.04 | -345.36
365.77 | -811.19 | 40411 | -257.61
365.77 | -811.36 | 40411 | -256.41
38199 | -72035| 42032 | -66.68
381.99 | -720.06 | 42032 | -70.49
393.95 | -637.61 | 42208 | -47.49
393.95 | -637.66 | 42208 | -4537
39532 | -627.14 | 42275| -37.18
39532 | -627.19 | 42275| -28.99
40171 | -576.07 | 42360 | -14.36
40171 | -576.07
41046 | -502.01
41046 | -50181
41188 | -489.41
41188 | -489.78
42855 | -329.20
42855 | -328.90
42954 | -319.27
42954 | -319.96
44054 | -198.82
45154 |  -56.07
45154 |  -60.07
45229 | -50.22
45229 |  -4655
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Table D.15 Vertical effective stresses of arbitrary cross-sections 1 to 4 (h*) of 200-

Table D.14 (continued)

h* = 128.038 m
o,
XM | enjm?)
452.88 | -39.20
452.88 | -26.83
45364 | -12.82

m-high cross-section

h*=52.135m h*=72.120 m h*=92.085m h*=112.050 m
| iy | XM | i | XM | garm | XM | gor
80.20 -9.89 110.18 -4.66 140.13 -23.92 170.07 -17.14
87.23 -164.85 119.40 -189.91 144.72 -107.61 170.15 -18.79
87.23 -158.90 119.40 -189.68 144.72 -104.81 170.15 -22.38
92.48 -253.96 128.02 -323.58 157.27 -296.02 170.85 -35.15
92.48 -254.52 128.02 -321.91 157.27 -296.01 170.85 -32.03
98.87 -355.82 129.99 -347.80 160.94 -340.90 184.25 -241.43
98.87 -354.00 129.99 -347.20 160.94 -341.13 184.25 -240.60
106.90 -464.01 141.94 -497.37 173.26 -484.98 185.26 -256.22
106.90 -464.14 141.94 -497 .43 173.26 -484.68 185.26 -255.20
116.71 -586.59 147.06 -556.27 183.87 -599.41 186.50 -270.21
116.71 -586.66 147.06 -556.23 183.87 -599.53 186.50 -270.14
122.03 -649.18 153.69 -629.37 191.72 -679.39 198.62 -409.25
122.03 -649.25 153.69 -629.37 191.72 -679.28 198.62 -409.43
125.39 -687.65 168.61 -786.91 202.09 -781.57 209.04 -519.08
125.39 -687.70 168.61 -786.83 202.09 -781.50 209.04 -519.03
138.56 -826.83 180.13 -900.06 218.39 -933.17 212.38 -553.27
138.56 -826.87 180.13 -900.13 218.39 -933.20 212.38 -553.35
143.56 -878.18 191.60 | -1009.63 219.87 -946.35 228.53 -709.88
143.56 -878.18 191.60 | -1009.55 219.87 -946.50 228.53 -709.72
153.97 -980.95 201.13 | -1097.14 221.09 -957.26 229.45 -718.31
153.97 -980.96 201.13 | -1097.19 221.09 -957.26 229.45 -718.20
159.59 | -1035.72 217.73 | -1243.63 237.57 | -1098.46 245.19 -858.39
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Table D.15 (continued)

h*=52.135m h*=72.120 m h*=92.085m h*=112.050 m
| iy | X | i | ™| gorm | XM | gor
159.59 | -1035.77 217.73 | -1243.56 237.57 | -1098.44 245.19 -858.22
173.19 | -1165.89 221.27 | -1274.11 244.44 | -1153.59 245.35 -859.52
173.19 | -1165.91 221.27 | -1273.95 244 .44 | -1153.57 245.35 -859.60
177.70 | -1208.55 223.22 | -1290.40 25296 | -1219.47 259.36 -973.35
177.70 | -1208.59 223.22 | -1290.61 25296 | -1219.49 259.36 -973.38
191.70 | -1338.48 241.30 | -1435.98 26494 | -1304.78 267.73 | -1035.43
191.70 | -1338.50 241.30 | -1435.91 26494 | -1304.80 267.73 | -1035.65
194.82 | -1366.85 24438 | -1459.38 268.93 | -1331.74 283.77 | -1142.31
194.82 | -1366.89 244.38 | -1459.49 268.93 | -1331.80 283.77 | -1142.12
205.11 | -1458.95 261.88 | -1583.62 280.16 | -1401.03 286.34 | -1157.51
205.11 | -1458.98 261.88 | -1583.35 280.16 | -1401.09 286.34 | -1157.64
211.62 | -1515.66 262.50 | -1587.48 285.45 | -1431.38 288.39 | -1169.24
211.62 | -1515.65 262.50 | -1587.62 285.45 | -1431.60 288.39 | -1169.36
215.86 | -1552.04 265.10 | -1604.39 288.13 | -1445.68 304.86 | -1252.80
215.86 | -1552.13 265.10 | -1604.47 288.13 | -1445.63 304.86 | -1252.85
226.92 | -1643.16 280.63 | -1697.52 303.00 | -1516.44 310.62 | -1276.21
226.92 | -1643.11 280.63 | -1697.55 303.00 | -1516.32 310.62 | -1276.00
232.71 | -1689.51 284.33 | -1717.22 314.55 | -1559.27 322.74 | -1318.05
232.71 | -1689.36 284.33 | -1717.23 314.55 | -1559.41 322.74 | -1318.08
234.18 | -1700.86 300.96 | -1795.39 324.98 | -1589.31 336.20 | -1349.66
234.18 | -1701.06 300.96 | -1795.30 324.98 | -1589.29 336.20 | -1349.40
242.01 | -1760.07 306.95 | -1818.79 338.84 | -1616.06 337.66 | -1352.03
242.01 | -1760.08 306.95 | -1818.85 338.84 | -1616.11 337.66 | -1352.32
254,59 | -1850.22 31491 | -1845.14 343.01 | -1621.50 357.74 | -1368.53
254,59 | -1850.18 314.91 | -1845.27 343.01 | -1621.54 357.74 | -1367.86
257.00 | -1866.33 326.25 | -1876.23 351.20 | -1627.18 357.96 | -1367.88
257.00 | -1866.36 326.25 | -1876.07 351.20 | -1627.16 357.96 | -1367.72
273.35 | -1968.35 337.18 | -1896.15 360.27 | -1628.75 358.15 | -1367.69
273.35 | -1968.43 337.18 | -1896.23 360.27 | -1628.75 358.15 | -1368.34
279.76 | -2003.78 341.03 | -1901.37 366.71 | -1624.91 359.19 | -1367.92
279.76 | -2003.69 341.03 | -1901.39 366.71 | -1624.84 359.19 | -1368.11
291.17 | -2061.24 352.90 | -1910.17 379.39 | -1609.92 377.67 | -1350.08
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Table D.15 (continued)

h*=52.135m h*=72.120 m h*=92.085m h*=112.050 m
| ooy | XM | i | XM | ganm | XM | gor
291.17 | -2061.19 352.90 | -1910.09 379.39 | -1609.86 377.67 | -1349.93
300.04 | -2099.43 358.65 | -1910.96 397.38 | -1565.86 385.57 | -1332.66
300.04 | -2099.54 358.65 | -1911.17 397.38 | -1565.78 385.57 | -1332.83
304.62 | -2117.51 372.12 | -1901.72 399.56 | -1559.04 390.67 | -1319.33
304.62 | -2117.48 372.12 | -1901.79 399.56 | -1558.90 390.67 | -1319.34
314.14 | -2150.12 381.18 | -1889.81 402.01 | -1550.46 399.54 | -1289.98
314.14 | -2150.05 381.18 | -1889.73 402.01 | -1550.56 399.54 | -1290.01
320.70 | -2169.05 385.81 | -1880.51 416.45 | -1492.59 407.43 | -1260.03
320.70 | -2169.13 385.81 | -1880.38 416.45 | -1492.53 407.43 | -1259.95
336.43 | -2201.00 402.30 | -1835.77 422.92 | -1461.38 409.73 | -1250.13
336.43 | -2201.07 402.30 | -1835.78 422.92 | -1461.38 409.73 | -1250.06
339.42 | -2205.54 41251 | -1797.43 432.56 | -1409.29 419.71 | -1201.54
339.42 | -2205.55 41251 | -1797.49 432.56 | -1409.31 419.71 | -1201.66
341.70 | -2208.08 417.49 | -1776.73 442.31 | -1350.46 425.84 | -1168.52
341.70 | -2208.03 417.49 | -1776.67 442.31 | -1350.47 425.84 | -1168.46
359.36 | -2217.27 419.81 | -1766.11 450.83 | -1293.82 428.84 | -1150.63
359.36 | -2217.23 419.81 | -1766.21 450.83 | -1293.78 428.84 | -1150.64
373.09 | -2207.30 435,51 | -1686.33 465.88 | -1184.19 439.71 | -1082.21
373.09 | -2207.65 435,51 | -1686.31 465.88 | -1184.16 439.71 | -1082.30
378.38 | -2200.76 440.04 | -1660.13 472.18 | -1134.67 446.39 | -1035.97
378.38 | -2200.70 440.04 | -1660.09 472.18 | -1134.67 446.39 | -1036.01
397.24 | -2158.62 455,33 | -1563.27 483.35 | -1042.20 457.96 -948.78
397.24 | -2158.45 455,33 | -1563.31 483.35 | -1042.21 457.96 -948.60
400.07 | -2150.24 461.36 | -1521.23 492.29 -965.51 471.96 -833.85
400.07 | -2150.18 461.36 | -1521.11 492.29 -965.44 471.96 -833.90
402.54 | -2142.19 475.92 | -1413.00 497.87 -915.62 479.44 -767.48
402.54 | -2142.45 475.92 | -1412.98 497.87 -915.74 479.44 -767.41
413.88 | -2099.92 48558 | -1335.49 514.12 -763.27 49223 -649.33
425.23 | -2050.72 485.58 | -1335.56 514.12 -763.27 49223 -649.44
425.23 | -2050.63 49354 | -1269.57 530.76 -597.64 508.47 -488.37
426.15 | -2046.36 49354 | -1269.52 530.76 -597.53 508.47 -488.81
426.15 | -2045.83 506.41 | -1157.68 540.10 -497.04 516.91 -398.26
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Table D.15 (continued)

h*=52.135m h*=72.120 m h*=92.085m h*=112.050 m
| iy | X | i | ™| gorm | XM | gor
426.27 | -2045.23 506.41 | -1157.70 540.10 -498.23 516.91 -396.24
426.27 | -2045.74 515.85 | -1073.06 554.55 -324.39 523.45 -321.18
446.45 | -1935.00 515.85 | -1073.12 554.55 -324.09 523.45 -322.32
446.45 | -1934.75 534.39 -898.21 566.11 -170.42 536.15 -163.37
44757 | -1927.84 534.39 -898.27 566.11 -171.14 536.15 -161.35
447 57 | -1928.07 544.79 -796.95 574.87 -21.50 54493 -8.80
464.91 | -1813.36 544.79 -796.83
464.91 | -1813.29 565.96 -572.27
468.18 | -1789.84 565.96 -572.18
468.18 | -1789.85 568.88 -539.56
483.09 | -1677.32 568.88 -540.08
483.09 | -1677.34 571.18 -514.33
491.72 | -1607.54 571.18 -515.41
491.72 | -1607.50 582.87 -370.73
502.29 | -1518.93 594.57 -198.69
502.29 | -1518.97 594.57 -197.54
520.96 | -1353.45 599.13 -129.04
520.96 | -1353.46 599.13 -129.25
525.01 | -1316.57 604.82 -21.67
525.01 | -1316.49
527.69 | -1291.80
527.69 | -1291.76
534.67 | -1226.62
534.67 | -1226.68
547.38 | -1106.47
547.38 | -1106.41
563.93 -946.39
563.93 -946.79
566.04 -925.93
566.04 -925.93
568.48 -901.23
568.48 -901.21
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Table D.15 (continued)

h* =52.135m
o,
XM | enjm?)

583.84 | -743.42
583.84 | -743.65
601.57 | -541.09
601.57 | -542.86
602.54 | -531.26
602.54 | -528.38
603.00 | -522.98
603.00 | -524.87
616.46 | -340.94
629.92 | -120.56
629.92 | -118.03
632.20 -79.64
632.20 -712.92
634.80 -17.86

Table D.16 Vertical effective stresses of arbitrary cross-sections 5 to 8 (h*) of 200-

m-high cross-section

h* = 132.409 m h* = 152.380 m h* = 172,092 m h* = 192.322 m
oy oy oy oy
XM aenim?) | XM wnimy) | X™ | anmg) | XM | enim?)

200.61 -17.24 230.57 -20.32 260.14 -18.26 290.48 -16.19
203.69 -73.82 243.04 | -195.02 264.17 -84.48 297.95 | -135.61
203.69 -74.19 243.04 | -194.87 264.17 -82.25 297.95 | -135.53
210.44 | -170.00 247.74 | -248.61 269.59 | -157.44 313.35 | -289.70
210.44 | -170.64 247.74 | -249.88 269.59 | -155.81 313.35 | -291.78
217.06 | -252.43 254.14 | -319.56 272,78 | -193.18 314.70 | -303.73
217.06 | -252.15 254.14 | -319.20 272,78 | -196.67 314.70 | -302.91
219.38 | -280.96 267.21 | -445.75 277.48 | -247.38 315.17 | -307.87
219.38 | -281.10 267.21 | -445.72 277.48 | -246.62 315.17 | -303.17
222.89 | -320.99 275.60 | -521.50 282.75 | -299.17 315.83 | -307.57
222.89 | -320.57 275.60 | -521.56 282.75 | -298.80 315.83 | -308.39
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Table D.16 (continued)

h*=132.409 m h* =152.380 m h*=172.092 m h*=192.322 m
| iy | X | i | ™| gorm | XM | gor
235.92 -455.50 286.57 -609.45 286.40 -332.29 336.75 -411.69
235.92 -455.46 286.57 -609.39 286.40 -332.40 336.75 -411.50
241.73 -512.98 293.87 -663.10 296.20 -417.02 339.04 -419.51
241.73 -513.39 293.87 -663.20 296.20 -417.12 339.04 -419.62
256.32 -646.62 308.37 -752.64 307.43 -499.35 343.97 -431.66
256.32 -646.66 308.37 -752.82 307.43 -499.65 343.97 -431.88
266.46 -733.86 313.77 -781.49 310.06 -516.74 358.70 -447 97
266.46 -733.66 313.77 -781.45 310.06 -516.83 358.70 -447 87
280.42 -840.01 316.62 -794.59 326.42 -602.77 366.45 -439.05
280.42 -840.06 316.62 -794.72 326.42 -602.57 366.45 -439.05
282.87 -857.27 334.40 -859.96 326.95 -604.78 376.36 -414.28
282.87 -857.16 334.40 -859.82 326.95 -605.32 376.36 -414 .44
294.80 -932.54 337.95 -868.27 329.80 -615.85 386.83 -371.73
294.80 -932.79 337.95 -868.21 329.80 -615.75 386.83 -372.32
305.92 -992.18 350.75 -887.51 345.69 -660.17 391.77 -346.86
305.92 -992.19 350.75 -887.54 345.69 -660.01 391.77 -346.43
309.90 | -1011.40 354.27 -889.23 348.76 -664.44 404.58 -263.89
309.90 | -1011.53 354.27 -889.14 348.76 -664.57 404.58 -258.80
312.23 | -1021.78 365.01 -885.80 363.62 -666.14 407.53 -233.26
312.23 | -1021.86 365.01 -885.75 363.62 -665.97 407.53 -236.28
327.05 | -1076.76 375.49 -869.32 370.67 -655.42 416.94 -129.49
327.05 | -1076.73 375.49 -869.52 370.67 -655.43 416.94 -131.72
335.14 | -1096.86 387.68 -833.91 381.90 -623.79 424.52 -16.78
335.14 | -1096.89 387.68 -833.85 381.90 -624.07

343.47 | -1111.92 394.33 -808.43 386.65 -606.69

343.47 | -1111.84 394.33 -808.33 386.65 -606.35

353.95 | -1120.19 401.90 -7172.63 399.84 -541.22

353.95 | -1120.22 401.90 -772.83 399.84 -541.25

356.69 | -1120.73 409.19 -733.08 404.44 -513.82

356.69 | -1120.73 409.19 -732.92 404.44 -513.90

368.64 | -1113.95 420.33 -662.36 417.97 -417.12

368.64 | -1114.03 420.33 -662.46 417.97 -417.25
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Table D.16 (continued)

h* = 132.409 m h* = 152.380 m h*=172.092 m
x (m) (klgl;;nz) x (m) (klgl;;nz) x (m) (krg/;FnZ)
372.96 | -1108.02 | 427.96 | -607.02 | 425.66 | -354.37
372.96 | -1108.00 | 427.96 | -607.22 | 42566 | -355.44
387.11 | -1075.93 | 45048 | -416.56 | 442.99 | -176.98
387.11 | -1075.88 | 45048 | -416.23 | 44299 | -177.03
392.36 | -1058.81 | 45078 | -41342 | 448.78 | -108.05
392.36 | -1058.89 | 45078 | -415.90 | 448.78 | -108.61
404.95 | -1007.17 | 45099 | -41366 | 45486 | -20.11
404.95 | -1007.19 | 45099 | -416.14

408.76 | -989.23 | 45354 | -388.81

408.76 | -988.97 | 45354 | -386.94

41171 | -974.00 | 46694 | -247.90

41171 | 97402 | 48034 | -87.61

42521 | -896.63 | 48034 | -86.33

42521 | -896.52 | 48228 | -63.14

43860 | -80454 | 48228 -53.79

43860 | -80454 | 48443 | -19.57

440.95 | -787.18

440.95 | -787.26

444.97 | -756.02

44497 | -755.73

460.04 | -629.72

460.04 | -630.14

465.95 | -575.23

465.95 | -575.46

477.44 | -466.40

488.92 | -349.86

488.92 | -348.17

494.70 | -283.71

494.70 | -283.32

514.39 |  -2056
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APPENDIX E

A general view of the user interface of the algorithm for optimizing the instruments in

one layer, h*, is presented in Figure E.1.

INPUT OUTPUT
H+ 180 m N 7.00 ea
h* 30 m
Cs 670 $/ea Find Optimum
Cc 5.6 $/m NopTIMAL 7 ea
Minimize
Cr 24693 $ 2<=N=<B/2
Subject to
Hy 28.800 m o 0.007 []
B* 551.400
Ce (N)  15497.440 $ a(a) 0476 [-]
b(a) -0.049 [-]
P, (N) -1.272 [-] c(a) -0.969 [-]
d(a) 0.038 [-]
Ce (2) 4427.840 $ e(a) 1.469 [-]
Ce(B*2)  608828.000 $ f(a) 0.006 [-]
Coirr 604400.160 $ g(a) -1.010 []
ERR(N) 0.015 [-]
C, (N) 9195.279 $ Pyt -1.291 [-]

Figure E.1 General view of working spreadsheet
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