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ABSTRACT

A STUDY ON RESERVOIR FILLING PRACTICES FOR SMALL
EARTHFILL DAMS

Kurter, Ege Can

M.S., Department of Civil Engineering

Supervisor: Prof. Dr. A. Melih Yanmaz

Co-Supervisor: Assoc. Prof. Dr. Melih Çalamak

December 2022, 91 pages

The initial filling is considered to be the first safety test of the embankment followed

after construction. The earth material acts significantly different during the first inter-

action with water. The majority of the failures occur during initial filling. The reasons

of failures are mainly attributable to crack formation and internal erosion followed by

piping. The filling is commonly practiced in multi-stages where intermediary holds

are provided for monitoring purposes before the embankment is further loaded. This

study focuses on the behavior of the embankment during first filling and aims to pro-

pose certain hold durations as well as the components affecting the durations. The

finite element model is applied on a 20 m high earthfill dam using GeoStudio™ soft-

ware. Coupled stress and pore-water pressure analyses are carried on in which the

transient behavior of filling process is clearly identified. Hydraulic fracturing phe-

nomenon is considered as the driving mode for crack and internal erosion formation.

Furthermore, the study findings investigate the effect of uncontrolled filling rate on

the durations of the holds. It is found that the initiation of hydraulic fracturing is more

influenced from the initial conditions of the soil rather than a planned filling sched-
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ule. The earth material placed in dry conditions caused crack formation at the higher

elevations of upstream side of the core. Additionally, the study proposed certain hold

duration for intermediary hold up to a low pool level and revealed the positive effect

of waiting at higher pool levels against hydraulic fracturing.

Keywords: Earthfill Dams, First Filling, Staged Filling, Hydraulic Fracturing, Cou-

pled Stress-PWP Analysis

vi



ÖZ

KÜÇÜK TOPRAK DOLGU BARAJLARDA HAZNE DOLUMU ÜZERİNE
BİR ÇALIŞMA

Kurter, Ege Can

Yüksek Lisans, İnşaat Mühendisliği Bölümü

Tez Yöneticisi: Prof. Dr. A. Melih Yanmaz

Ortak Tez Yöneticisi: Doç. Dr. Melih Çalamak

Aralık 2022 , 91 sayfa

İlk su tutma, toprak dolgu barajların inşaatının tamamlanmasını takiben karşılaşacağı

ilk sınavdır. Toprak dolgu malzemesi, suyla ilk temasında dikkate değer derecede

farklı bir davranış sergiler. Baraj kazalarının büyük bir bölümü ilk su tutma esnasında

meydana gelmektedir. Bu kazalar genellikle, çatlak oluşumu ve içsel erozyonu taki-

ben borulanma sebeplidir. İlk su tutma genellikle çok aşamalı olarak gerçekleştirilir.

Bu aşamalar arasında barajın daha yüksek kuvvetle yüklenmeden önce gözlemlene-

bilmesi için bekleme süreleri sağlanır. Bu çalışma toprak dolgu barajların ilk dolum

sürecini inceleyip, aşamalar arasındaki bekleme sürelerini öne sürmeyi amaçlamıştır.

GeoStudio™ yazılımını kullanılarak, sonlu elemanlar tekniğiyle 20 metre yüksekli-

ğinde bir baraj modeli oluşturulmuştur. Bütünleşik gerilme ve boşluk suyu basıncı

analizleri kullanılarak dolum sürecinde zamana bağlı değişimler gözlenmiştir. Çat-

lak oluşumu ve içsel erozyonun sebebi hidrolik çatlama olarak bilinmektedir. Bu

çalışma ilk dolum esnasındaki hidrolik çatlama gözlenmesinde belirlenmiş bir do-

lum takvimindense, topraktaki başlangıç koşullarının daha çok etkili olduğunu ortaya
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koymuştur. Kuru koşullarda yerleştirilen toprak, ilk dolum esnasında orta dolgunun

üst bölümlerinde çatlak oluşumuna yol açmaktadır. Çalışma buna ek olarak, bekleme

sürelerinin uzunlukları üzerine önermeler yapmıştır. Alçak rezervuar seviyelerindeki

bekleme sürelerini önermiş ve yüksek rezervuar seviyelerindeki artan bekleme süre-

lerinin hidrolik çatlamaya karşı olumlu etkisini göstermiştir. Ayrıca, bu çalışma kont-

rolsüz dolum hızlarının bekleme süreleri üzerindeki etkisini de ortaya çıkarmıştır.

Anahtar Kelimeler: Toprak Dolgu Barajlar, İlk Su Tutma, Aşamalı Dolum, Hidrolik

Çatlama, Bütünleşik Gerilme-Boşluk Suyu Basıncı Analizi
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CHAPTER 1

INTRODUCTION

1.1 General

Earthfill dams are the most common and practical dam type to be constructed on vari-

ous topographical features. The use of earth material as a barrier was human nature’s

first approach to store and regulate water resources. As our understanding of dam

construction stepped ahead, the design of earthfill dams had been perfected. Zoned

embankment with central clay zone is a well-known design. While the impervious

core controls the seepage, the surrounding pervious shells provide the stability of the

body. The most probable failure mode of these structures is internal erosion caused

by cracking during the most crucial time of the dam’s life, that is first filling of the

reservoir (USBR, 2021). For this reason, dam engineers put their efforts to carefully

plan and closely monitor the first filling and divide the filling into multi-stages where

an intermediary hold/stoppage, i.e., waiting times, of water level is provided. These

holds are intended to provide a sufficient time for dam to respond to changing water

levels and for designers to closely monitor the internally installed instruments before

loading the embankment with higher water levels. Although the filling rates are spec-

ified and limited for a rise in reservoir water level, recommendation on the duration of

intermediate holds is the gap in the literature. Internal erosion is widely accepted to

be occurred due to hydraulic fracturing of the core as a result of differential settlement

and arching effect of the core. Since the compressibility of shell and core material are

different from each other, the arching effect occurs when the core is hanged and car-

ried between the shell zones and creates low stress areas beneath (Sherard, 1986). As

the increasing water pressure coincides with the low stress zones, the hydraulic frac-

turing develops and followed by crack propagation with excessive leakage (Sherard,
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1986). Current study put its scope into the first filling of a hypothetical dam and in-

vestigate its behavior to increasing water load. The author aimed to propose a certain

hold duration considering hydraulic fracturing and differential settlement possibility

during initial filling such that an additional waiting is not necessary with respect to

dam’s safety. A filling schedule in three stages recommended by Turkish State Hy-

draulic Works (DSI), is applied to a 20 m high finite-element dam model and dam

behavior for different hold durations is studied. The study proposes waiting times

for different elevations and provides a detailed look into dam’s response to initial fill-

ing. The analyses are conducted using the package software GeoStudio™ 2021, that

transient coupled stress - pore-water pressure (PWP) formulation are practiced con-

sidering consolidation effect on embankment. The study kept its scope into relatively

small dams to idealize the filling schedule against unexpected floods and seasonal

changes. In addition, the study investigates the behavior during intermediary holds

only, it does not consider the full reservoir load at the end of first filling. The rec-

ommended waiting times and the followed approach is applicable and practical for

design of earthfill dam’s reservoir filling utilization.

1.2 Motivation of the Study

The scope of this study is to research the first filling, i.e., initial impoundment, prac-

tices of the earthfill dam’s reservoirs. The history of catastrophic failures of the dam

body during initial filling has made this subject very crucial for engineers and author-

ities. Foster et al. (2011) revealed that 49% of the internal erosion related failures

occurred during first filling of the reservoir for embankments. For example, the well-

known Teton Dam (USA) is failed completely during the first reservoir filling in 1976

due to piping caused by hydraulic fracturing (Widjaja et al., 1984). Therefore, water

rise in the reservoir from end of construction to desired operation level should be well

planned, controlled and closely monitored. It is unique for each reservoir to design

a filling schedule depending on purpose of the reservoir, size and type of the dam,

location, and hydrological features of the region. But to have a common approach,

state agencies have certain decision/technical memorandum stating the filling rates

and certain dam heights to hold water in order to monitor dam performance before

2



further raising (USBR (2021); DSI (2014); IDNR (2001)). The purpose of the holds

are to monitor and evaluate dam’s performance before filling it up to higher levels.

The dam is evaluated through the obtained data from the many monitoring devices

placed on various locations on and inside the dam body. These data are compared to

expected values from prior modeling or calculations. If the hold time is decided to be

adequate and the dam is safe as it is designed to, the filling continues to higher levels.

Since the duration of the water level holds play an important role on the design of the

filling schedule, this study intends to contribute to the practices by defining the wait-

ing time considering embankment’s safety. Additionally, the effect of finite element

method (FEM) coupled analysis would provide another inside look to dam’s response

to initial filling.

1.3 Research Objective

The study aims to model a hypothetical embankment dam prior to filling in order

to simulate dam’s behavior as the reservoir water level increases. The first filling

schedule consists of filling rates as well as intermediary holds such that filling is

done in stages. USBR (2021) defines these intermediate holds, or stoppage of filling,

as time windows to monitor dam conditions before filling the reservoir up to higher

water levels. In addition, there is a time lag between the deformation/stress response

of the dam to reservoir water elevation rise; such that, the holds can provide the

lag time in order to see the governing effects of previous elevation rise. Nobari and

Duncan (1972) indicate a month-long lag for observing the expected deformation and

pressure after the increased water elevation, which occurred during the impoundment

of Cherry Valley Dam (USA). By performing first filling in stages, designers are

allowed to evaluate dam’s respond to different water level stages and time to grading

the data more carefully before proceeding to next level (USBR, 2021). It is also stated

that the holds should be appropriately placed into the schedule but no further detailed

recommendation is provided answering at which level to put the holds. The hold

periods are required during initial impoundment, after an existing dam had a major

repair or encountered a severe flood which is followed by a reservoir drawdown to

intermediary water levels. In the Turkish practice, the holds are placed at H/2 and
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3H/4 of the reservoir filling, where H is the planned depth of water in the reservoir.

This study is based on the given schedule where two intermediary stops are desired

during initial impoundment.

It should be noted that as the reservoir size and dam height increase, the total fill-

ing duration proportionately increases and makes inflow conditions more complex

due to expanded seasonal changes, flood, and earthquake probability. Therefore, the

presented study kept its scope into relatively smaller dams that both flow conditions

and stage separations are easier to be idealized. However, also for larger dams, the

approach of the study fills the gap in the literature in a way that instantaneous in-

strumentation data can be interpreted accordingly to decide if the hold process is

adequate. The study findings are applicable to new dams, existing dams experienced

excessive inflow rate due to flood and existing dams having a remarkable repair. Like-

wise, the dam model presents the movements in zoned embankments, and scope into

solely dam body’s behavior, when foundation movements are extracted.

The study is aimed to find the answers of the following questions and propose a

certain hold duration.

• How do the seepage, displacement, and stress change during first filling? Do

they converge to certain values during intermediary holds?

• How does the initial moisture content of the earth material affect the possibility

of a crack formation during first filling?

• What should be the duration of intermediary holds in the filling schedule in order

to monitor the dam’s performance before loading up to higher water levels?

• How does the uncontrolled filling rate affect the hold duration?

• What are differences on hold duration between reservoir filling up to a low and

high pool level?

1.4 Contribution of the Thesis

To the best of author’s knowledge, there is not a published work on multi-stage fill-

ing practices by considering the safety of dam with respect to cracking and internal
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erosion, which are the most severe problems during first impoundment. Staged filling

practices are studied by each countries state agencies with reference to commonly ac-

cepted rules and experience, and performed under the consequent recommendations.

However, there is no published work about the monitoring duration, i.e., the interme-

diary holds. The contractors prefer shorter total filling durations due to economical

and operational reasons. However, there is a minimum hold period with respect to

dam’s safety such that the dam can be cautiously loaded further, such that both minor

and catastrophic consequences are minimized. Since most probable failure reason

during first filling is to have a crack initiation on the body, that can enlarge and cause

piping by internal erosion, this thesis approaches to the problem through the possibil-

ity of hydraulic fracturing and differential settlement by inspecting their temporal and

spatial variations in the dam body using a time-dependent simulation of the impound-

ment. The main result the thesis propose is how long the hold should be in a staged

filling schedule. The study aims to improve the understanding of embankment’s re-

action against filling and quantify the hold period such that it goes one step further

than rule of thumb. USACE (2004) explains the need of finite-element model to be

established in order to identify expected key behaviors and observations which will

be used to monitor the performance of the constructed dam. Therefore, in addition

to the study findings of the key parameters of stresses-deformations and seepage be-

havior, the approach of the study could be an example for further applications during

preliminary and final design in order to establish a reliable initial filling schedule.

1.5 Literature Review

The embankment failure connected with crack formation and internal erosion have

been in the scope of many researchers. Investigators put hydraulic fracturing and dif-

ferential settlement as the driving force for the aforementioned failure modes. The

understanding of the hydraulic fracturing in the earth dams as well as its driving

forces comes with Sherard’s works on the phenomena (Sherard, 1953; Sherard, 1973;

Sherard, 1986). Nobari and Duncan (1972) gathered the case studies related to oc-

currence of hydraulic fracturing and differential settlement during initial filling of

an embankment. Many investigators attribute the occurrence with lack of moisture
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content during placement, narrow core geometry, differently compressible materials

on zoning, inappropriate or lack of filter design and high hydraulic gradients. The

hydraulic fracturing occurrence is first related to arching formation of the core by

Löfquist (1957). Kjaernsli and Torblaa (1968) presented that open crack formation

starts due to stress distribution in the core during initial reservoir filling. Settlement

and resultant arching action in the core decrease the vertical stress over overburden

pressure such that hydraulic fracturing occurs as the filling process continues. Ini-

tially, it was Kjaernsli and Torblaa (1968) to point out that excessive leakage was

a result of hydraulic fracturing in Hyttejuvet Dam, Norway. Widjaja et al. (1984)

conducted experimental and theoretical studies on different soil groups to inspect

parameters effecting hydraulic fracturing. Their study concluded that the minor prin-

cipal stress of the soil is the main parameter against hydraulic fracturing. The authors

stated that water content and density of the soil to be compacted have a great influence

on hydraulic fracturing because of their direct effect on initial pore pressure, strength

and permeability.

Rashidi and Haeri (2017) inspected earth and rockfill dam behaviors during construc-

tion and initial filling via a case study of Gavoshan Dam, Iran. Authors conducted

2D finite difference method of numerical analysis on the dam model calibrated with

the instrumentation data from the real dam using back-analysis. They investigated

settlement-stresses and hydraulic fracturing possibility considering arching effect.

Their findings were in agreement with the expectations of Nobari and Duncan (1972)

for an embankment during initial filling.

Talukdar and Dey (2019) compiled the hydraulic failures in the history starting from

1950 and concluded that hydraulic fracturing of the central core as one of the most

crucial influences on the zoned embankment’s safety.

Talukdar and Dey (2022) inspected the formation of cracks in earthfill dams. Authors

searched for the hydraulic fracturing and differential settlement phenomena as the

causes for cracks. Their study questioned the effectiveness of drainage blanket in

the case of incidental cracking in the core. The study found out that the drainage

blanket does not have a major effect on reducing the hydraulic fracturing possibility

in the core, but it is practical for channelizing the water toward the exit drain such
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that satisfactory dam performance is maintained until a repair is implemented. The

finite element model on GeoStudio™ software is formulated as a coupled stress/PWP

analysis. Their approach via GeoStudio™ using coupled analysis is validated with

measured values from the case study.

Wang et al. (2020) inspected the effect of water level fluctuations of the reservoir on

the stability of an earthfill dam under transient seepage. They conducted a probabilis-

tic approach to stability analysis and investigated the effects of uncertainties in the

soil parameters. This study revealed the significant effect of the rate of water level

changes on the stability.

Ghanbari and Shams Rad (2013) conducted both experimental and finite-element

analysis investigating hydraulic fracturing possibility. Their finite-element model re-

flected initial filling of the reservoir conditions. The study suggested that the hy-

draulic fracturing initiation is correlated with the minor principal stress of the soil.

Therefore, the authors focused on lowest minimum principal stress variation and arch-

ing phenomena through transient analysis.

A remarkable work of inspecting hydraulic fracturing phenomena during initial filling

was conducted by Eslami, Ghorbani, and Shahraini (2020). The authors conducted

uncoupled seepage and stress-strain analysis, in this perspective the pore-water pres-

sures and seepage quantities are calculated by a seepage analysis, such that stress-

strain analysis are based on the conditions from it. The authors commented on the

possibility of a fracture occurring based on if minimum principal stress is exceeded

by pore-water pressure at the same height in the core. The study also compared dif-

ferent filling scenarios for different total filling duration. However, intermediate hold

of water level during filling schedule is not provided. It should be noted that, although

the authors tried to follow a coupled stress-PWP approach for better understanding,

they met serious convergence problems for a coupled analysis such that uncoupled

approach is chosen. It was stated that non-linear constitutive model of dam materials

creates the convergence problems.

A review of hydraulic fracturing risk on embankment dams is provided by Tran et al.

(2020). For the embankments encountered hydraulic fracturing, 78% of the incidents

occurred during first filling of the reservoir, that is, 28 case studies out of 36. The
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authors accredit differential settlement and arching actions for internal stress redistri-

bution, such that the minor principal stress is exceeded by the pore-water pressure at

low stress zones. Study compares the differential settlement for different axes of the

dam body and focused on the settlement action of impervious core and shell. By the

statistics provided in the study, very narrow impervious core applications for zoned

embankments caused hydraulic fracturing near the core such that the design of the

core updated to have thicker core slopes.
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CHAPTER 2

FIRST FILLING GUIDELINES

2.1 History of Dam Failures During First Filling

Initial filling of the reservoir is the most dangerous period in the lifetime of the dam

(IDNR, 2001). Due to comprehensive experience of dam failures and/or repair re-

quirements during initial impoundment of the reservoir following the construction of

the embankment, each authority approaches this process by intensive care. The ini-

tial impoundment of the reservoir is the first test of dam’s capability of stability and

hydrological requirements. Due to the first interaction of water and the dam mate-

rial, this process is considered as one of the most important event of the dam would

ever face. State agency that is responsible for hydraulic works of each country has

their own design memorandum that specifies at which schedule the reservoir should

be raised from empty to full reservoir level. In early years of dam constructions, no

detailed look is pointed to filling process; that used to be, filling the reservoir as the

inflow comes without intermediary holds and specified rates, until the major failures

occurred, and lessons learned. One of the most well-known failures is Teton Dam

failure, located in Idaho, USA.

After the construction of the dam, it is normally a low-flow period in the river when

the filling starts such that the dam has as much time as possible to be monitored and

evaluated appropriately (USBR, 2021). It is compulsory that the outlet works and

spillways are finished before the reservoir starts to impound such that reservoir filling

rate could be controlled in case of an unexpected inflow (USBR, 2021; USBR, 1990)

and/or emergency evacuation considering the hazard potential.
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2.2 Different Approaches to Multi-Staged Filling Practices

The dam-specific basis practices are not common to be published and generalized

since every dam shows site-specific features. However, some published work is avail-

able to give an insight and limit some filling properties. The author presents three well

documented filling practices by Turkish State Hydraulics (DSI), USBR (see Section

2.6) and IDNR through this chapter.

DSI (2014), recommends a certain filling schedule for earthfill dams within their de-

sign standards. As on Fig. 2.1, the impoundment is planned in three steps. The filling

rate is not specified for the lower half of the dam, and called this rate as uncontrolled

filling. During this uncontrolled filling phase, the dam is being loaded by a relatively

larger loads from its desired capacity; therefore, no specific rate is planned (See Sec-

tion 2.6). However, higher rates result in higher hydraulic gradient that would cause

piping initiation. Therefore, even an uncontrolled filling does not necessarily let ev-

ery rate. In DSI specifications, the filling rate after the mid-height of the dam; called

as controlled filling is restricted to 0.3 m/day for embankment dams. Outlet works

are operated accordingly to maintain this rate constant. The intermediary holds are

named as monitoring periods but there is no further explanations for this duration.

Division of Water at Indiana Department of Natural Resources (IDNR) presents a

stage filling in three steps. By their typical filling schedule, pool level is divided into

three. Although there is no information about the hold duration between different

pools, filling rates are specified for each stage (IDNR, 2001). The filling rate is not

restricted for the first 1/3 of the pool level. Rate is limited to be less than 0.6 m/day

for the second 1/3 of pool level. For the final one third of the reservoir, filling rate

restricted to 0.3 m/day. This schedule shows the same principals with other authori-

ties’, because the filling rate is limited to lower values as water level gets higher and

the rate is uncontrolled for lower pool levels as in USBR (2021) and DSI (2014).

2.3 Cause of Failures

The failure of an earth or rockfill dam could happen by overtopping, slope failure,

sliding, and internal erosion (Terzaghi, Peck, & Mesri, 1996). In the case of initial
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Figure 2.1: Turkish practice (DSI, 2014)

filling, a possible slope failure or internal erosion could lead to failure. The inter-

nal erosion is a serious concern for relatively impervious core zoned embankments

(USBR, 2014b). Terzaghi et al. (1996) states the reasoning of the internal erosion in

zoned embankments as pre-existing or recent cracks through the body. The authors

also suggest differential settlements as the cause of crack formation.

This thesis, therefore, concerns with the occurrence of internal erosion and slope

failure during reservoir impoundment by considering hydraulic fracturing and differ-

ential settlement.

2.3.1 Differential Settlement

Differential settlement between the shells and core is an acknowledged reason for

crack formation as well as different crest shoulders’ movements (USBR, 2014a; Sherard,

1986; USBR, 2014b). The well-known reasons are inadequate initial moisture con-

tent during placement and zoning the body with materials of different stiffness for
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differential cracking. Nobari and Duncan (1972) gather some the real-dam crack for-

mation explanations by differential settlement during initial filling. Some of them

are Cherry Valley Dam (USA) in 1963, Cougar Dam (USA) in 1966, Gepatsch Dam

(Austria) in 1967 and Round Butte Dam (USA) in 1964. Differential settlement of

shell and core zones are inspected in Chapter 5.

2.3.2 Hydraulic Fracturing

The hydraulic fracturing phenomenon is a common reasoning for crack formation,

that is followed by internal erosion, piping. It is remarkably expected in zoned em-

bankments and the historical record of the hydraulic fracturing mainly occurs during

initial filling (Sherard, 1986). The phenomenon occurs when the sum of minor prin-

cipal stress and the tensile strength of the soil is exceeded by the hydraulic pressures

(USBR, 2014b; Lo & Kaniaru, 1990). The hydraulic fracturing is a recognized ap-

plication for pressurized-water drilling in other industries, however, the hydraulic

fracturing term in this study refers to pore-water pressure in the soil due to reservoir

rise and cause fractures in the low stress zones in the core. The differential settlement

induced arching effect in the core is considered to be the main reason for hydraulic

fracturing; yet, erosive leaks through the central core without adequate filters and

water filling into the already existing cracks in the core also causes the phenomenon

(Sherard, 1986). The cracks due to improper design/application or shrinkage/swelling

are expected for embankments during or after the construction. Normally, these open

cracks cannot propagate through the core due to high internal compressive stresses

(Sherard, 1986). Nevertheless, differential settlement (See subsection 2.3.1) and dif-

ferent stiffness material zoning induced stress transfer from core to shells (See sub-

section 2.3.3) reduces the internal compressive stress in the core which makes it vul-

nerable to crack propagation and hydraulic fracturing. The soil cannot show any

opposition to water entry in this case. As the pore-water pressure increases with

reservoir rise, continuing to filling would make the problem more severe. Therefore,

if the low stress zones are identified through monitoring at intermediary holds, filling

schedule could be revised and followed by proper precautions. High water pressure

entrance to low stress zones induced by arching had an important role in the Teton

Dam failure (USBR, 2014b). According to Nobari et al. (1973), the hydraulic fractur-
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ing likely start from a low effective stress point, then it propagates through the core

rather than occurring all across the core suddenly.

The tensile stress of the soil has an additional preventive measure after the effective

stress reduces to zero; however, tensile stress of the embankment soil is accepted not

to be counted, conservatively. This assumption is confirmed by Nobari et al. (1973)

from their conclusion after experimental studies. Therefore, when the effective stress

reduces to zero, it is recognized as the failure. Penman (1986) states that the resistance

of soil particles is dragged away by water interaction when the effective stress is under

zero.

Kjaernsli and Torblaa (1968) investigated Hyttejuvet Dam in Norway, when an un-

expected disastrous leakage was observed leading dam to failure, and determined

hydraulic fracturing caused by the arching of core as the responsible.

It is not possible to model a hypothetical dam and point out a certain location of

fracturing or a definite safety measure against it. However, this study is within the

scope of observing the temporal and spatial variations of minor principal stress and

vertical effective stress during reservoir filling in order to find out the possibility of

hydraulic fracturing during a water hold.

2.3.3 Arching Effect

The arching ratio is the indicator of the arching effect between the core and shell

zones of simple zoned embankments. The arching effect is one of the main reasons

of hydraulic fracturing. The shell and core show contrasting settlement and strength

capacity under the water load from reservoir filling. The total stress is transferred to

shell from the cohesive core that makes core more lightweight and the earth pressure

is reduced by arching (USBR, 2014b). When the smaller total stress coincides with

higher pore-water pressures at the same elevation, the hydraulic fracturing occurs in

the core. The stress transfer can be monitored via the installed instruments in the core

if the observed pressures are somehow less than the expected embankment weight on

top of it. Sherard (1986) states that the instrumented pressure in the core were less

than 30% of the soil weight above during the construction of the John Martin Dam
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(USA). Another important remark from Sherard (1986) for stress transfer indicator

occurs in a Swedish dam when the actual settlement of crest was 1/12 of the expected

settlement signaling arching. Hydraulic fracturing due to arching effect is observed

in Hyttejuvet Dam (Norway) (Kjaernsli & Torblaa, 1968) and Balderhead Dam (Eng-

land) (Nobari & Duncan, 1972) and many more. The arching effect is identified from

the field data, which indicates how much of the load is carried on the core than its

designed expectations. Therefore, the arching effect is not involved into the study on

the hypothetical dam.

2.4 Monitoring and Instrumentation During First Filling

The role of instrumentation is crucial for the initial filling stage of a new dam since

there is no historic performance data yet. This indicates a great potential of uncertain-

ties on the embankment’s performance during its first interaction with water. There-

fore, the most intensive monitoring is required during this time, such that around-

the-clock presence of experienced inspectors on site is necessary (USBR, 2014a).

In addition to continuous visual inspections; readings of seepage (primary concern),

stresses, settlement and deflection data from installed instruments are crucial to detect

any possible crack formation (USBR, 2014a). ICOLD (1988) emphasizes the close

and frequent monitoring of the embankment during first filling.

In terms of placement of the devices, it is hard to define minimum instrumentation

requirements. The need for monitoring and instrumentation is again dam-specific

basis. The general idea is to place them such that the key parameters of cracking,

movement and seepage readings are sufficiently monitored. Both USBR (2021) and

USBR (2014a) points out the high-value, low-cost approach while deciding the in-

strument’s distribution on the body.

2.5 Recommendations on First Filling

All state agencies responsible from state hydraulics, have official documents consist-

ing a section about initial filling, but mostly the information does not go further than
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a general look at the filling process. These documents consist of evacuation plan,

hazard potential, monitoring frequency but no certain recommendation on a filling

rate or a schedule where intermediary holds exist. It is, of course, a unique practice

for each reservoir that how to fill it. Purpose of the dam, geometries and hydraulic

features of the dam, type of material used, and hydrological features of the region dif-

fer too much such that the practice should be dam-specific. However, state agencies

try to generalize this process as much as possible, in a such planned program having

an adequate time for monitoring and performance evaluation of the dam. As a result,

regulations depending on dam material is proposed.

The American practices has the most clear and specific recommendations relating to

reservoir filling which is documented in USBR (2021) as First Filling Guidelines.

Therefore, a review of it is given in this section. This document is formed by Assis-

tant Commissioner - Engineering and Research (ACER) as Memorandum No. DES-2,

"Reservoir Filling Criteria Preparation" initially, but was retired when ACER reorga-

nizes as Technical Service Center (TSC). The Memorandum DES-2 is also assigned

as the responsible for filling rate decisions by USBR (1990). Following intensive

research on USBR and USACE manuals about first filling information, it should be

mentioned that as a common point for all, there should be a decision/technical mem-

orandum for impoundment referencing aforementioned DES-2 document for detailed

information. However, the author has not yet to find this document in the open web

platform. Therefore, USBR (2021) is considered as the final and the only document

about specific information related to initial filling. Filling is divided into two parts in

the document, filling lower half of the dam and the upper half.

First filling guidelines consisting of first filling control and evacuation ability of the

dam, should be finished prior to reservoir filling. The intermediary holds of water lev-

els are provided to give adequate time window of the dam performance and provide

ample time in case of a problem to issue the problem and warn the public. Filling

rates may be revised for filling upper parts of the reservoir if needed, depending on

the monitoring data from installed instruments and other inspections during the inter-

mediary holds.
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According to USBR (2021), the filling has special requirements for general surveil-

lance, reading and reporting instrumentation data as well as normal and emergency

operating procedures. These are given by their necessary description as follows:

• Onsite attendance: 24-hour surveillance by trained observers, including opera-

tors and designers.

• Visual observations: In case of visible crack formation, seepage, slope instabil-

ity and other evidence of abnormal functioning. The site should be adequately

lit to permit night observations.

• Reading of instruments: At frequent intervals but may be continuous and instan-

taneous.

• Reporting of monitoring: The Division Chiefs shall be on alert and should be

notified immediately on any abnormal conditions on the data from installed in-

struments. If the initial fill would be to a low pool (less than half of the dam’s

height), nominal surveillance and monitoring is acceptable. In case of a rela-

tively high pool of filling is intended; extensive surveillance and monitoring is

required. In general, it is vital to closely monitor the initial filling at critical

elevations.

• Normal operating procedures: These operations are composed of maintaining

normal predetermined operating plan, preserving filling rate and meeting project

requirements.

• Emergency procedures: The outlined emergency plan; that is detailed in USBR

(2021) is put into action.

• Procedures to be followed after earthquakes: Similar procedure that is used in

existing dams in case of an earthquake will be considered during initial filling

also.
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2.6 Filling Rates

The rate of filling is one of the main components that affect embankment’s safety

during initial filling. The rate determination is normally based on the response of

the embankment to increasing hydrostatic loading and typical ranges are 0.15 to 0.6

m/day (FEMA, 2005). The American practice of defining filling rates is located in

USBR (2021). As stated before, by dam-specific basis the filling schedule is set

and the major influences for determining a filling rate are listed with explanations as

follows in USBR (2021):

1. Purpose of the reservoir: Whether a storage or a flood control the dam is de-

signed, affect the filling rate. For storage purposed dams, normally, the extra

amount from the downstream requirements is stored.

2. Requirements for initiation of filling: As previously mentioned, filling would

generally begin during a low-flow period in order to allow as much time as

possible for monitoring and evaluation purposes. When practical construction

schedule and commitments limit the reservoir to be filled prior to completion

of the outlet works, additional precautions should be taken (lower rate) into

consideration. USBR (1990) confirms that initial filling plan should take into

account completion of the second-stage construction when outlet works are used

for diversion.

3. Type of dam: Dam type and material affect filling rate primarily. The first soil-

water interaction (saturation) is an overly sensitive stage for the earth and rockfill

dams since earth material acts differently during initial saturation. Therefore,

slower rates are preferred such that the dam has enough time to response to

saturation. But for concrete dams, filling rates are less restricted since both the

dam and its foundation are relatively not sensitive to saturation.

4. Geology and seismicity of the dam foundation and reservoir: The filling rate is

prone to be restricted due to physical properties of the geologic materials. These

problems may be composed of excessive seepage, landslides in the reservoir

and/or reservoir-induced seismicity.
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5. Hazard potential: The hazard potential for the downstream is another factor for

limiting filling rates. Adequate time should be provided for issuing a warning

and the public to response.

6. Hydrology (inflow): Inflow may divided into seasonal baseflows, controlled in-

flows and flood flows (USBR, 2021) (USBR, 1990). Seasonal baseflow per-

mit slow filling of the reservoir. Controlled inflow from an upstream reservoir

would make ideal/desired filling rates possible to be established. Effect of un-

predictable flood flows should be evaluated for each reservoir, in this scenario,

higher filling rates are acceptable as long as flood is controlled. However, it

may be also necessary to lower the reservoir after the flood event and place an

intermediary water hold period to monitor dam’s performance afterwards.

7. Release provisions: Downstream water and evacuation requirements govern the

outlet work’s capacity, which should be sufficiently enough to limit the filling

rate.

8. Design considerations: Different-purpose design considerations also an influ-

ence for defining a filling rate. These may be additional holds or different rates

depending on the location and topographic conditions of the reservoir and re-

sponse time of instrumentation.

USBR (2021) presents filling rate recommendations which will be unique for each

dam, however, the general recommendations also exist. The rates would be different

for lower and upper reservoir elevation ranges. For embankment dams, the normal

and common rate is given as 0.3 m/day in the ranges of less than 0.3 to 1 m/day. As it

is stated before, the rate is crucially important for embankments, since earth material

acts differently in case of first saturation.

Normally, filling rates are not specified for the lower half of the depth of the reser-

voir since the dam will only receive a fraction of its designed load (USBR, 2021).

Naturally, filling is expected to be faster for the lower half, due to smaller storage

to elevation relation. However, internal erosion and piping risk should be evaluated

since higher seepage rates lead to higher hydraulic gradient.

For the upper portion, filling rate is limited to be less than 0.3 m/day for embank-

ment dams in order to control hydraulic gradient and water load which decrease the
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possibility of internal erosion as well as allowing an ample time for monitoring and

evaluation. Limiting the rate to 0.3 m/day is a common specification in the literature

(DSI, 2014; USBR, 2011b; IDNR, 2001).

The outlet works play a vital role for defining filling rates since they will be used

to control the reservoir by adjusting outflows. Therefore, their capacity as well as

the rate of filling should be documented as a technical or decision memorandum in

advance of impoundment. It should be noted that the outlet works are out of scope

of this study, therefore accepted as appropriately constructed and meeting evacuation

criteria enough not to govern for filling rate decision.

2.7 Necessary Parameters via Instrumentation

The instrumentation types to monitor different parameters in the dam body are sug-

gested by USBR (2014a). Piezometers and observations wells are designed for seep-

age monitoring, total pressure cells for stress monitoring, internal vertical movement

(IVM) devices for settlement monitoring, etc. For the current study model, con-

tinuous data of total/effective stresses, horizontal-vertical deflection and pore-water

pressure are in consideration. The data of the stated parameters will be transformed

into minimum principal stress in Chapter 5.

2.8 Previous Technical Reports Scoping into Initial Filling

The embankment behavior under first filling had been put into the subject of notable

researches. Most remarkably, Nobari and Duncan (1972) combined previous inves-

tigations of different embankments during their initial filling in a technical report.

Their outcome is well-grouped common behaviors of simple zoned embankments

during first soil-water interaction. The four main behaviors that Nobari and Duncan

(1972) pointed out, are illustrated as Figure 2.2.
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Figure 2.2: Embankment behavior (Nobari & Duncan, 1972)

These four different effects of a reservoir impoundment behind a zoned embankment

are:

1. The water load on the core zone: This load pushes core to the downstream (D/S)

and downward.

2. The water load on the upstream (U/S) foundation: This creates upstream and

downward movements.

3. The uplift forces on upstream shell: Consequent upward movements in this

zone.

4. The collapse of U/S shell due to wetting: Downward movement of this zone.

Nobari and Duncan (1972) denote possible various movements in dams depending

on the magnitude of the given the four effects. In a general meaning, apart from

seepage forces, stress changes and relative movements would form cracks during ini-

tial impoundment. Their investigation reveals that the water load causes downstream

movement of the dam, especially in the higher water level stages. The same inves-

tigation came up with a clear conclusion about the importance of placing the fill in

its optimum water content as the otherwise is the primary reason for cracking. The

differential movements (Sherard, 1953) and hydraulic fracturing are counted as two

reasons causing cracks. Kjaernsli and Torblaa (1968) pointed out it is hydraulic frac-
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turing caused threatening cracks within embankments. When the total stress in the

core is less than the water pressure at the same elevation, hydraulic fracturing occurs

(Nobari & Duncan, 1972). The fracture may lead to open cracks; thus, leakage and

internal erosion, through the core zone.

2.9 Optimum Moisture Content

The crucial effect of moisture content to earth material’s dependence to crack for-

mation had been noticed in early 1900’s (Sherard, 1953). Sherard pointed out three

properties of an earth material compacted without adequate water content. These are:

1. The relatively high permeability of dry material.

2. Higher impact from saturation, that cause remarkable settlement.

3. The stiffer and more brittle material.

Just as the upstream movement due to wetting of upstream shell described by Nobari

and Duncan (1972), the upstream shell is pulled off from the brittle/stiff downstream

shell and core in case of low moisture content. Sherard (1973) proposed that it was

the material’s low water content that drive upstream shell transverse crack on El Isiro

Dam, Venezuela. For the dams that develop pore pressure during construction due

consolidation, it is not expected for pore-water pressures to exceed minimum princi-

pal stresses, since principal stress in this case is too high (Sherard, 1986).

Penman and Charles (1981) and Penman (1986) recommended that the core should

be placed by the wet of the optimum moisture content in order to generate high con-

struction pore-water pressures that will prevent hydraulic fracturing.
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CHAPTER 3

THEORY

3.1 Seepage Analysis

The spatial and temporal variations of pore water pressure and seepage throughout the

domain lies on the famous Darcy’s Law, published in 1856 by the French engineer

Henri Darcy, where hydraulic gradient creates the water movement. The equation is:

q = −Ki (3.1)

where q is the specific discharge (discharge per unit area), K is the hydraulic conduc-

tivity and i is the hydraulic gradient. The equation is modified for two-dimensional

seepage problems (Papagianakis and Fredlund (1984); Geo-Slope Int. Ltd. (2012))

as follows:

∂

∂x

(
Kx

∂H

∂x

)
+
∂

∂y

(
Ky

∂H

∂y

)
+Q′ =

∂θ

∂t
(3.2)

where Kx and Ky are the hydraulic conductivities in x and y directions, H is the total

head composed of pressure head (h) and elevation head (z), Q′ is the boundary flux

and θ is the volumetric water content (VWC) and t is the time. The rate of change of

the soil storage is formed by the change of flow in x and y directions, and the external

flux applied. Since there is no change of soil storage for steady-state conditions, Eq.

3.2 turns into following equation:

∂

∂x

(
Kx

∂H

∂x

)
+
∂

∂y

(
Ky

∂H

∂y

)
+Q′ = 0 (3.3)
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The change in soil storage, i.e., the volumetric water content, is a result of the changes

in stress and soil properties. For both saturated and unsaturated conditions, the stress

state is described by two state variables as in Fredlund and Morgenstern (1976) and

Fredlund and Morgenstern (1977). These variables are (σ−ua) and (ua−uw) where σ

is total stress, ua is the pore-air pressure, and uw is the pore-water pressure. SEEP/W

formulation assumes constant total stress; therefore, the loading and unloading effect

cannot be seen. In addition, pore-air pressure remains constant at atmospheric pres-

sure during transient processes. Therefore, the first term (σ−ua) has no effect on the

soil storage change. The change is only related to the second term (ua − uw), conse-

quently, to uw. In the light of the explanations of the terms, the change in volumetric

water content reduces to the following equation (Eq. 3.4) and rearranged in terms of

total head (H) and elevation as Eq. 3.5:

∂θ = mw∂uw (3.4)

∂θ = mwγw∂(H − y) (3.5)

where mw is the slope of the storage curve and y is the elevation. For a constant

elevation, Eq. 3.2 turns into the following equation (Geo-Slope Int. Ltd., 2012):

∂

∂x

(
Kx

∂H

∂x

)
+
∂

∂y

(
Ky

∂H

∂y

)
+Q′ = mwγw

∂H

∂t
(3.6)

Eq. 3.6 is the governing partial differential equation on SEEP/W analysis where it

is solved by finite element method. The well-known finite element method divides

the domain into a number of interconnected elements; that is meshing. Between the

defined boundary conditions, the finite element seepage equation (see Eq. 3.7) is

solved for each element until this web of elements are all connected to each other

for a consistent solution through the domain. It should be noted that, the differential

equation is approximated as the finite element seepage equation by using Galerkin

method of weighed residual (Geo-Slope Int. Ltd., 2012).

24



[K]{H}+ [M ]{H}, t = {Q} (3.7)

Eq. 3.7 for transient seepage analysis reduces to Eq. 3.8 due to the absence of time

dependent head function for steady-state analysis.

[K]{H} = {Q} (3.8)

where

K = element characteristic matrix

M= element mass matrix

Q = element applied flux vector

H = vector of nodal heads

SEEP/W is a well-known module of GeoStudio™ for both steady state and transient

types water transfer analyses that is selected as the FEM solution to Darcy’s Law.

SEEP/W is successfully used in previous studies of Calamak and Yanmaz (2017),

Calamak et al. (2018), Calamak et al. (2020), Calamak and Yanmaz (2018).

3.2 Hydraulic Conductivity of Unsaturated Soils

In the case of transient analyses, as the phreatic surface changes, the material can

change its saturation level that is a function of hydraulic conductivity. Consequently,

the need for hydraulic conductivity estimation for partially saturated or unsaturated

material arises. Since the water content changes spatially and temporally, a func-

tion specifying the water content change with respect to different pressures of soil.

This pressure is called as matric suction which is the difference between air (ua) and

water pressure (uw) for unsaturated soil. GeoStudio™ allows user to define this func-

tion (soil-water characteristic curve) using well-known methods; such as, Fredlund

and Xing (1994) and van Genuchten (1980) that both provides closed form equa-

tions. This study adopted van Genuchten (1980) method since its common practices

through similar studies for both volumetric water content (See Eq. 3.9) and the con-
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sequent hydraulic conductivity function (Eq. 3.10) estimation. van Genuchten (1980)

formulates unsaturated hydraulic conductivity relative to known saturated value and

three curve fitting parameters as shown below. It should be noted that this approach

is based on the Mualem (1976)’s theory.

Θw = Θr +
Θs −Θr[

1 +
(
Ψ
a

)n]m (3.9)

Kw = Ks

[
1−

(
aΨ(n−1)

) (
1 + (aΨn)−m)]2(

((1 + aΨ)n)
m
2

) (3.10)

where:
Θw = the volumetric water content,

Θs = the saturated volumetric water content,

Θr = the residual volumetric water content,

Ψ = the negative pore-water pressure (matric suction),

Ks = saturated hydraulic conductivity,

a, n,m = curve fitting parameters.

In order to illustrate the soil-water characteristic curve for a typical material, Figure

3.1 is provided from the work of Fredlund and Xing (1994).

The given theory is implemented into both SEEP/W and SIGMA/W modules for each

material as a nonlinear VWC function that is used to estimate nonlinear hydraulic

conductivity function for unsaturated soils.

3.3 Slope Stability Analysis

Limit Equilibrium Method (LEM) is preferred for slope failure theory that is dividing

the domain into rigid material interslices. The LEM calculates two types of factor

of safety resulted from moment equilibrium and horizontal force equilibrium for the

critical slip surface as in the work of Spencer (1967). Even though there are differ-

ent approaches to LEM, such as Morgenstern-Price, Bishop or Janbu, USBR (2011b)
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Figure 3.1: Soil-water characteristic curve (Fredlund & Xing, 1994)

recommends Spencer method to be used for calculations performed by LEM. Spencer

method is an iterative procedure, changing the constant ratio between shear to normal

force ratio between interslices until the same factor of safety results from both mo-

ment and force equilibrium. The interslice shear-normal ratio is the same between all

slides.

The limit equilibrium factor of safety for moment equilibrium and force equilibrium

given as follows:

Fm =

∑
(c′βR + (N − uβ)R tanϕ′)∑
Wx−

∑
Nf ±

∑
Dd

(3.11)

and,

Ff =

∑
(c′β cosα + (N − uβ) tanϕ′ cosα)∑

N sinα−
∑
D cosω

(3.12)
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where the terms are:

c′ = effective cohesion

ϕ′ = effective angle of friction

u = pore-water pressure

N = slice base normal force

W = slice weight

D = concentrated point load

β, R, x, f, d, ω= geometric parameters

α = inclination of slice base

The given limit equilibrium formulation computes Fm and Ff for a range of lambda

(λ) values and plots factor of safety (FoS) versus λ graph. For Spencer method, factor

of safety is determined when Fm and Ff curves cross. The factor of safety against

slope failure is conducted using SLOPE/W package. The SLOPE/W is successfully

implemented to slope stability analysis in the previous study of Calamak et al. (2020).

Trial slip surfaces are ranged between pre-specified entry exit points; that is, entry

and exit technique in the software.

3.4 Stress-Strain Modeling

3.4.1 Finite Element Method

The stress-strain and seepage modeling in GeoStudio™ uses finite element method

(FEM) as a numerical approach to partial differential equations (PDEs) solutions

where the distribution of pressures and deformations varies both temporally and spa-

tially. The governing equations often come from fundamental considerations of the

physical environment. FEM discretizes the complex domain into a number of finite

elements using defined geometry and material properties and tries to obtain a numer-

ical solution across the domain between given boundary conditions.
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3.4.2 Coupled Stress and Pore-Water Pressure Formulation

The theory of consolidation had been initiated by Biot (1941) by assuming an isotropic,

linear elastic, small strains, incompressible pore-fluid and Darcian flow (Geo-Slope

Int. Ltd., 2022). The later coupled formulation is provided by Dakshanamurthy, Fred-

lund, and Rahardjo (1984), that is followed by the finite element method solution of

Wong, Fredlund, and Krahn (1998). For GeoStudio™ coupled consolidation analysis,

the governing equations of stress-strain response and pore fluid transfer through the

soil matrix are as follows, respectively:

ρw

(
θβw

∂uw
∂t

− S
∂εp
∂t

−mw
∂uw
∂t

)
=

∂

∂y

[
Kw

g

(
∂uw
∂y

+ ρwg
∂y

∂y

)]
(3.13)

{δσ} = [D′] {δε}+ {m}αδuw (3.14)

in which the terms are:

ρw = density of water

θ = volumetric water content

βw = isothermal compressibility of water

uw = pore-water pressure

S = degree of saturation

εp = volumetric strain

mw= slope of VWC function

Kw= isothermal liquid water hydraulic conductivity

g = gravitational acceleration

D′ = effective stress stiffness matrix

m = matrix to reflect isotropic water pressure

α = the coefficient between 0 and 1.0 (see Eq. 3.15)
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The coefficient α, depending on degree of saturation, is assumed as equal to the ef-

fective saturation (van Genuchten, 1980):

α = Se =
θw − θr
θs − θr

(3.15)

The mass conservation and equilibrium are achieved by solving Eq. 3.13 and Eq.

3.14 for each time step.

Coupled pore-water pressure and stress analysis, i.e., soil consolidation, is the re-

markable feature of the GeoStudio™ software. Normally, stress-strain analyses are

conducted independently from the soil volume change and considers only stress-

deformation equations. Thanks to coupled analyses, stress-deformations and seep-

age dissipation equations are solved simultaneously; thus, while the stress change on

soil contributes the seepage behavior accordingly and the change in pore-water pres-

sure from seepage solutions does affect stress-deformation calculations such that the

effective stress changes are determined (Geo-Slope Int. Ltd., 2013). The coupled for-

mulation requires a simultaneous solution of three equations for each node; these are,

two equilibrium (displacement) and one continuity (flow) equations resulting in both

pore-water pressure and displacement changes. SIGMA/W module of GeoStudio™

is used for this purpose. The successful use of the coupled analysis on GeoStudio™

is implemented in the previous study of Talukdar and Dey (2022). It is worth men-

tioning that the minor principal stress conversion is manually conducted using Eq.

3.16.

σ3 =
σx + σy

2
−

√(
σx − σy

2

)2

+ τ 2xy (3.16)

in which the terms are:

σ3 = minimum principal stress

σx = total horizontal stress

σy = total vertical stress

τxy= shear stress
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3.5 Solution Tools

The formulation and the theory behind each analysis with respect to their intended

objective are detailed in this chapter. The study is conducted using different modules

of GeoStudio™. SEEP/W, SLOPE/W and SIGMA/W modules are used for each spe-

cific purpose. It should be noted that the study is conducted on GeoStudio™ 2021.4

version 11.3.2.23783.

3.6 Convergence of Analysis Results

Numerical solution to governing FEM equation on GeoStudio™ is based on the iter-

ative root finder. The governing equation for transient seepage analyses on SEEP/W,

slope stability on SLOPE/W and transient coupled stress-PWP on SIGMA/W are pre-

sented in the earlier sections.

For SIGMA/W solutions, convergence scheme for stress is composed of Relative

Displacements/Residual Loads with a tolerable error of 0.005 and tolerable error for

stress update as 0.001. For water side of the equation, iteration comparison crite-

ria has maximum pressure head difference as 0.005 m and iterating using under-

relaxation criteria. The selected tolerable errors give minimum numerical noise and

relatively fast solution as well as being in agreement with the similar published works

that GeoStudio™ uses.

The convergence is obtained easily for SEEP/W and SLOPE/W analysis. However,

achieving a successful convergence for transient coupled stress-PWP analysis takes

an extra effort of trial and error between time step and mesh size selection. After

severe convergence problems to coupled equation in the present study, the author had

worked on finding a similar condition just like Courant and Péclet numbers; that is,

the ratio of time step and mesh size approach for transfer equations, to arrange mesh

size and time step correlation for successive results. However, no similar condition

exist for coupled analysis. The author reached out to GeoStudio™ Support officials

for their approval and confirmation on using transient coupled analysis for modeling

the initial filling of a reservoir (K. Dompierre, personal communication, October 3,

2022). The convergence problem is solved by simplifying the material definitions.
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van Genuchten’s approach to hydraulic conductivity as a function of volumetric wa-

ter content creates a need of solutions to non-linear equations. Therefore, author’s

approach is to simplify the generation of volumetric water content function by using

sample functions of GeoStudio™ rather than Van Genuchten fitting parameters. It

was, then, possible to solve the water transfer and force equilibrium equations simul-

taneously for each time step and have a transient solution.

It should be noted that the analyses are conducted on Windows 10 computer having

a Intel Core i7 950 3.07 GHz processor with 16 GB ram. The average duration of

each coupled analysis takes 10,324 seconds. Additionally, the numerical model of 20

m high embankment is discritized into 1,299 elements with 1406 node when a mesh

size of k=1 m is selected.

3.7 Time and Mesh Discretization

The convergence to multiple non-linear equations requires a successive time step and

mesh size correlation. There is no Courant and Péclet numbers for the solution of

the coupled equation. GeoStudio™ manuals recommend trial and error for finding

a matching mesh size and time step. After numerous trial and error processes, the

successive result is achieved by choosing exponential increase in time step with and

initial increment size of 0.05 days with global mesh size of 1 m. In detail, total

duration of 180 days transient analysis is divided into number of 360 exponentially

increasing time steps with an initial increment size of 0.05 days.

3.8 Modeling Basics in GeoStudio™

The package software GeoStudio 2021.4™ provides user-friendly modeling environ-

ment. The basic scheme of creating a model and obtaining a solution is listed in steps

as:

1. Choosing the analysis type and the estimation method followed by convergence

settings,
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2. Sketching the domain by poly-lines and dividing into different regions for each

different material,

3. Defining material properties,

4. Defining boundary conditions,

5. Discretization of the domain: meshing,

6. Calling the solver,

7. Checking the convergence reliability of the results

8. Plotting appropriate result data for better interpretations.

The following chapter, Chapter 4, consists of the application model on GeoStudio™

and the result data obtained from various analyses.
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CHAPTER 4

APPLICATION STUDY

The earthfill dams are the most common and the oldest dam type (USBR, 1987;

Terzaghi et al., 1996), since locally available and excavated natural materials require

minimum processing for the construction (USBR, 2011a). A typical cross section

of central core zoned embankment with a chimney drain is seen in Figure 4.1. A

toe drain is also included in the design to model seepage dissipation out of the do-

main. The operation level of the reservoir, H , is selected to be at 17 m of the 20 m

dam model using the regression analysis on the statistical database of embankments

located in Turkey (Yanmaz, 2022). The typical first filling application of DSI is im-

plemented to the model. It should be noted that dam on the fully load condition case

are not considered in terms of hydraulic fracturing throughout the study, since the

durations of intermediary holds during first filling are in the scope.

Figure 4.1: Typical cross-section (USBR, 2011a)
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4.1 Assumptions

The study is based on several assumptions to simplify the problem and narrow the

scope of the study. These are listed as follows:

• Construction of the dam is successfully finished prior to reservoir filling.

• The fill material is adequately compacted and placed in their optimum moisture

content by appropriate construction of the lifts. There is no crack formation

prior to filling.

• The filling starts at low-flow months and there is no unexpected flood during

filling. The rate is constant between each intermediary holds by the properly

sized and functioned outlet works.

• The foundation is impervious and rigid so that behavior of the dam body solely

is under the scope.

4.2 Application Model

4.2.1 The Zoning

The reservoir filling practices are conducted on a simple zoned, central impervious

core earthfill dam with a chimney drain. Zoning is commonly preferred since it pro-

vides adequate strength, seepage and cracking controlling (USBR, 2012). Cracking

during initial filling occurs on simple zoned embankments more frequently due to

different behaviors of different zone materials. Due to its popularity for being a re-

search subject as the experiences of Nobari and Duncan (1972) and Sherard (1986),

the application model is chosen to be zoned embankment accordingly. However, the

propagation of the cracks are restricted thanks to filter zones and heavy soil com-

pression (USACE, 1986). The self-healing by the collapse of the non-cohesive filter

that prevents crack propagation coming from downstream of the core is illustrated by

USACE (1986) and is shown below as Figure 4.2. This illustration clearly shows the

importance of the filter material to prevent internal erosion. Both upstream and down-

stream sides of the cores are considered to be properly filtered such that the particle
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mitigation is prohibited. However, the filters are not a part of the model since their

effect on the dam’s behavior in terms of seepage and stress quantities are negligible,

but their contribution is related to particle mitigation stoppage. In order to work on a

real-life like model and generalize the results for alike dams, the literature; that is, the

recommendations on an embankment design are reviewed broadly to create a proper

hypothetical model. Although most of the recommendations and design manuals

for different countries’ practices for embankment design are considered, properties

mainly recommended by USBR and USACE are followed in this study. Among other

recommendations on various sources, USBR manuals are prioritized for selecting the

parameter values due to their complementary and inclusive information/experience

on the dam design criteria and experimental research on specifically compacted prop-

erties of earth materials. A chimney drain, that ensure seepage control from the core

to downstream shell (USACE, 2004; Singh & Varshney, 1995), is included in the

model and extended through top of the impervious core (USBR, 2012). The chim-

ney drain creates a clear path for seepage until the drain located at the toe, such that

downstream face is kept dry against slope failure.
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Figure 4.2: Self-healing by collapse of filter (USACE, 1986)

The impervious core zone is composed of clay (CL) with a medium to high dry

strength ((Terzaghi et al., 1996)). It should be noted that Ghanbari and Shams Rad

(2013) points out CL material is the most susceptible one to hydraulic fracturing for

a core material. The pervious shell material is composed of well-graded sand (SW

- gravelly). The drain material consists of processed gravels and sand (GP) which

ensure good drainage (USBR, 1998). The selection of the materials should be in co-

herence with other zones as well. Therefore, the combination of materials for the

shell and core zones is implemented from USBR (2012) and USBR (1987).
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4.2.2 Model Geometry

The model geometry is formed in the light of design manuals and state practices.

The hypothetical model is 20 m high simple zoned embankment. The main model

is chosen to be 20 m high such that the total filling duration is relatively short, in

order to satisfy the assumption that filling is initiated during low-flow period and no

unexpected flood occurred throughout. The symmetrical core slopes are designed to

be 0.5H:1V (Bilgi, 1990), where this selection also has an effect on the effectiveness

and geometry of the chimney drain (FEMA, 2011). Also it should be noted that,

a relatively narrow core, which is more prone to cracking and hydraulic fracturing

(Sherard, 1986), is preferred in the model. The top width of the dam is determined to

be 9 m from (Senturk, 1988) and greater than minimum requirement of 8 m (USACE,

2004). Chimney drain thickness is accepted to be 2 m for satisfactory performance

and greater than the minimum limit of 1.4 m (FEMA, 2011). Calamak et al. (2018)

revealed that the thickness of the chimney drain does not change the pore-water pres-

sures inside the dam. The slopes of the embankment are selected by the specifications

of USBR (1987); that is, 3H:1V for upstream slope and 2.5H:1V for downstream

slope considering shell and core zone’s materials. The model geometry is presented

in Figure 4.3.

119 m
52 m 25 m 42 m

9 m t= 2 m
t=

 2
 m

17 m

3H:1V

1H
:0

.5
V

1H
:0.5V

2.5H:1V

Upstream Shell Core Downstream Shell

20 m

0 m

Figure 4.3: Model geometry

39



4.2.3 Material Properties

The representative properties of the hypothetical model are:

• Hydraulic conductivity (Kh) values are selected from USBR (2014b) for com-

pacted shell, core and washed drain materials. For well graded, gravelly sand

shell material 8.34 m/day is assigned between the interval of 2.10 to 20.90 m/-

day. 0.00752 m/day for the clay core and 125.26 m/day for washed drain mate-

rial gravel and sand. These values are also included in the relative recommended

intervals from these sources: Bowles (1996), Rawls et al. (1982).

• Saturated water content (θs) and residual water content (θr) are selected from

Carsel and Parrish (1988) as mean values from their descriptive statistics.

• Anisotropy values are assigned from USBR (2014b), originally complied by

USBR (1987). These values are given considering field compacted conditions.

The manual suggests values between 4 to 9 for standard placed shell and core

materials. Since anisotropy increases with higher water contents during place-

ment, a ratio of 5 for shell and 9 for core are selected considering their initial

water content. Drain material is accepted as isotropic (USBR, 2014b) due to

lack of compaction effort and thicker lifts during placement. It is worth bear-

ing in mind, USACE (n.d.) suggests anisotropy of 9 due to compaction, while

checking steady-state slope stability.

• Coefficient of volume compressibility (Mv) parameter is calculated using Eq.

4.1 as suggested by Carter and Bentley (2016).

Mv =
1

E

(1 + v)(1− 2v)

(1− v)
(4.1)

• Compacted unit weight (γs), effective cohesion (c′) and angle of friction (ϕ′) pa-

rameters are the average engineering values provided by USBR (2011b) based

on their extensive data with earth material placed in appropriate conditions. Op-

timum water content is also presented by USBR (2011b) from the average value

of proper laboratory tests. The activation pore-water pressures are manually

assigned by the defined VWC content to each material corresponding to their

initial water content that represents initial pore-water pressure of the material.
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• Elastic modulus (E) and Poisson’s ratio (ν) are assigned in the interval that

Bowles (1996) presents as representative numbers.

The values are more dependable since they are based on extensive experience of

USBR on earth materials and their compacted use in embankment dams. Table 4.1

shows the selected values.

Table 4.1: Material properties

Unit Shell(SW ) Core(CL) Drain(GP )

Hydraulic conductivity, Kh m/day 8.34 7.52×10−3 125.26

Saturated water content, θs m3/m3 0.43 0.38 0.194

Anisotropy Kv/Kh 0.2 0.11 1

Vol. compressibility coeff., Mv 1/kPa 1×10−6 1×10−5 1×10−5

Compacted unit weight, γs kN/m3 19.81 16.73 20

Cohesion, c′ kPa 10 71 0

Angle of friction, ϕ′ degrees 37.4 25.1 41.4

Elastic modulus, E kPa 80,000 50,000 90,000

Poisson’s ratio, ν 0.35 0.4 0.1

Optimum water content percent 9.1 16.7 11.4

Activation pressure kPa 10 308 0.9

4.2.4 Boundary Conditions

The FEM connects the model domain between predefined boundary conditions. The

type of boundary conditions changes according to the governing laws of physics for

that specific analysis. In addition to initial stress-deformation conditions coming from

in-situ analysis, initial pore-water pressure and seepage quantities comes from initial

steady state empty reservoir analysis to coupled stress-PWP analysis. The stress/s-

train boundary conditions are listed for coupled analyses:
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• No deformation bottom line. This condition assumes foundation as rigid and

reflects no movement or deformations from the bottom of the dam.

• Initially zero water level to no-account any water load from the reservoir during

in-situ analyses.

• Transient water level on upstream slope. This will attribute water elevation on

the upstream slope as reservoir rises. This condition is a time-dependent input

the filling schedule.

The hydraulic boundary conditions are:

• Initially zero water level on the upstream slope reflecting empty reservoir.

• Transient water level on upstream slope. This will attribute water pressure of

the upstream slope as reservoir rises such that seepage starts. This condition is

time-dependent and inputs the filling schedule.

• Zero pressure on toe drain to model seepage dissipation would result there.

• Zero flux at downstream slope to model potential seepage line.

• No-flow line to bottom boundary of the dam to account impervious foundation.

4.2.5 Hypothetical Model’s General Safety Checks

The hypothetical model should be tested in accordance with general design consid-

erations such that it is feasible to conduct further studies on an appropriate design

against slope failure. These checks are composed of slope stability analyses of both

upstream and downstream shells at the steady state for different scenarios of after

construction/empty and full reservoir conditions. It is expected to achieve critical

factor of safeties that are higher than minimum required that suggested by USBR.

Upstream failure during static loading conditions are very unlikely; on the other hand,

during rapid drawdown or after construction, failure is potential (USBR, 2012). When

transient analyses representing temporal variation of upstream slope failure factor

safety are considered; it can be seen that, starting from the unfavorable stage of empty

reservoir, factor of safety would lead to increase as the reservoir is filled since water

load on the upstream contributes to slope’s stability. Therefore, for the scope of this
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study, upstream slope stability is not a concern but an additional behavioral infor-

mation caused by reservoir filling. In case of downstream slope failure possibility,

the downstream does not feel the effect of water rise in the reservoir; that is, factor

safety is constant through the filling. This is because there is no water interaction to

downstream shell thanks to chimney drain; thus, no water weight affects the LEM.

Therefore, in addition to upstream being safer, possibility of downstream slope failure

does not increase due to filling.

4.2.6 Instrumentation Placement on Dam Body

For the parameters aforementioned in Section 2.7, location of the readings from the

application model are placed in such a way that they reflect the placement of the

installed instruments in real dams. Figure 4.4 shows the sections considered. The

section A-A is crucially important since water seepage through core will initiate and

most probable location of hydraulic fracturing formation. Section B-B gives the hori-

zontal variety of the key parameters at second hold level. Section C-C, at mid-height,

is a common section of interest among other researchers also for differential settle-

ment monitoring and checking the variations of parameters in horizontal axis.

A

A

C
B B

CH

H/2 3H/4

Figure 4.4: Sections of interest

4.3 Slope Stability

For slope stability inspection of the hypothetical model, upstream and downstream

slopes are analyzed using SLOPE/W software. The LEM factor safety requirements

for different loading scenarios including the references are given in Section 4.4. The

end-of-construction (empty reservoir) and steady-state seepage conditions (full reser-
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voir) should be analyzed for general slope stability check (USBR, 2011b), addition-

ally factor of safety to slope failure of upstream face is computed for each time step

by the stress output from the coupled analysis. Even though embankments with clay-

core is not expected to reach steady-state phreatic surface for a long time, USBR

(2011b) recommends it to be examined as an accepted practice.

4.4 Factor of Safety Criteria

Factor of safety criteria does not necessarily ensure safety but gives a relative degree

of stability. The recommended values are as follows:

• Steady-state seepage condition: factor of safety is limited minimum to 1.5, such

that the uncertainties in material strength and pressure conditions are considered

(USBR, 2011b).

• End-of-construction condition: minimum factor of safety of 1.3 is supposed to

be met when using effective stress parameters (USBR, 2011b).

For all slope stability analyses, effective stress parameters, considering drained con-

ditions, are defined (USBR, 2011b) throughout this study. For the drained condi-

tions, where pore-water pressures are controlled by the hydraulic boundary condi-

tions, Duncan et al. (2014) recommends analyses to be conducted under total unit

weights, effective shear strength parameters and pore-water pressures from hydro-

static water levels.

4.5 Modeling The Hypothetical Dam

Since there is no field data from the readings of installed instruments for back-analysis

of model calibration, all the hypothetical model parameters are assigned in accor-

dance to the design recommendations in the literature. Thus, the model is aimed to

reflect a new dam preliminary analysis for conducting a filling schedule. As USBR

(2014b) suggests, the hypothetical dam does not search the best answer but it aims at

predicting the range of potential behavior. Therefore, this study should be considered
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as a reflector of a typical zoned dam’s expected response to initial filling. The success

of model calibration is analyzed by previous real dam experiences and engineering

judgement. It should be noted that, the current study findings can be a topic of further

probabilistic research for more accurate and sensitive results.

4.6 Initial Uncontrolled Filling Rate

The reservoir inflow and corresponding water level data from a number of real-dams

are inspected in this section. For the uncontrolled filling part up to a low pool level

is considered for different dams in order to have a common sense for the rate to be

chosen for the study. The approximate initial filling rates for earth/rockfill dams are:

• 0.6 m/day for Medicine Creek Dam (Holtz & Hilf, 1961).

• 0.75 m/day for Cherry Valley Dam (Nobari & Duncan, 1972).

• 0.6 m/day for Round Butte Dam (Nobari & Duncan, 1972).

• 0.45 m/day for Cougar Dam (Nobari & Duncan, 1972).

• 1.0 m/day for Oroville Dam (Nobari & Duncan, 1972).

• 1.0 m/day for El Infiernillo Dam (Nobari & Duncan, 1972).

It should be noted that, all the given dam examples are located in USA, except El

Infiernillo Dam which is located in Mexico. In the light of the previous experiences,

a constant initial water rise rate of 0.6 m/day until 50% of the embankment height is

implemented into the applied filling schedule to the model.
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CHAPTER 5

DISCUSSION OF RESULTS

The followings are the result for a 20 m high embankment dam. This section is com-

posed of the initial verification of the model’s slope stability, determination of the first

and second hold duration in the first filling schedule, sensitivity analysis of the results,

describing the dam’s general behavior during initial filling by the determined sched-

ule. In addition, the verification of the results by past experiences in the literature and

engineering judgement, is provided.

5.1 Slope Stability Verification

It is verified if the hypothetical model’s slope failure tendency is within the recom-

mended limits such that the design is proper enough for further analyses. For this

purpose, upstream and downstream slopes of the model are subjected to stability anal-

ysis. Two different scenarios, i.e., end-of-construction and steady-state full operation

level reservoir are implemented.

As can be seen from Figure 5.1, the model is adequately designed in terms of slope

stability. The critical downstream FoS of 2.089 (Figure 5.1a) and upstream FoS of

2.485 (Figure 5.1b) both exceed minimum limits suggested by USBR (2011b).

5.2 Determination of Intermediary Hold Durations

As aforementioned, this study mainly questions the durations of intermediary holds

of water level. For this purpose, the filling schedule with varying hold durations is ap-

plied to upstream boundary of the dam model. A 180-day duration, transient coupled
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2.089

Factor of Safety

2.089 - 2.189
2.189 - 2.289
2.289 - 2.389
2.389 - 2.489
2.489 - 2.589
2.589 - 2.689
2.689 - 2.789
2.789 - 2.889
2.889 - 2.989
≥ 2.989

(a) Full reservoir condition - downstream slope

2.485

Factor of Safety

2.485 - 2.585
2.585 - 2.685
2.685 - 2.785
2.785 - 2.885
2.885 - 2.985
2.985 - 3.085
3.085 - 3.185
3.185 - 3.285
3.285 - 3.385
≥ 3.385

(b) End-of-construction condition - upstream slope

Figure 5.1: Slope stability analyses

analyses are accepted to be moderate and conducted in order to see how the behavior

of the dam body varies with changing waiting times. By five days of increments, nine

different waiting times from five to 45 days are implemented separately. At first, hold

at mid-height, H/2, is subjected to be analyzed. During this analysis, hold at 3H/4 is

kept constant to 50 days since it has no effect on the prior filling and upper level rates

are arranged to 0.3 m/day. The varying filling schedule can be seen in Figure 5.2.

According to the schedule, the reservoir water level starts to increase by a rate of 0.6

m/day until the height of H/2, 8.5 m at 14th day. At this time, intermediary level hold

starts and lasts for five days of increments. This is followed by continuing the water

level rise again until the height of 3H/4 by a rate of 0.3 m/day. The effect of filling

on the dam body is examined for each alternative at the end of the hold. Then the

filling starts again. The data comparison is extracted from Section A-A in Figure 4.4

where hydraulic fracturing criteria is prone to occur. It should be noted that, at this

time, the water starts to seep through the core. The variations of pore-water pressure,

total vertical stress, effective vertical stress, horizontal and vertical displacement with

respect to height of nodes on Section A-A (Figure 4.4) are plotted in order to compare

different waiting times.
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5.2.1 Determination of the duration of intermediary hold at H/2 elevation
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Figure 5.2: Applied boundary condition of filling schedule

The effective stress variations on Figure 5.3 show a clear behavior of converging as

the waiting process continues. The difference between each five days of increments

gets smaller for longer hold durations. Normally, effective stress variation over the

height of the dam is expected to be increasing as it gets deeper in elevation since the

soil height above increases with depth. However, around the H/2 water level, the

effective stress makes a jump to much lower values. This is due to the fact that the

seepage arrives to the upstream side of the core that lead to increase in pore-water

pressure. Since there is a lag between the reservoir level rise and its effects occur on

the core, the effective stress gets lower as the hold continues. The change is more

rapid in the beginning of the hold but converges to certain values after 20 days of

waiting. It is seen that; it still continues to decrease if a longer waiting is provided.

However, the effect of waiting is relatively smaller than the decrease on effective

stress.
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Figure 5.3: Effective stress variations for different first hold durations on section A-A
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Figure 5.4: Vertical displacement variations for different first hold durations on sec-

tion A-A
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Figure 5.4 shows the vertical displacement variation over the dam’s height at the end

of each hold level for different waiting times. It should be emphasized that the dis-

placement values are positive indicating an upward movement. This is due to water

entrance to the dam body that creates uplift. In a field measurement, the vertical dis-

placement graph is also affected by the consolidation settlement of the body over a

long time from the construction from the self-weight. Since the magnitude of self-

weight settlement is relatively larger than the uplift displacement, the uplift effect is

harder to be emphasized. However, the FEM model of the current study is based

on the assumption that the soil had been already settled due to its self-weight after

the construction, and only displacement from water entrance is considered. The dis-

placement over the height, increases as the water hold continues. However, the effect

of waiting decreases for the incremental hold duration. The maximum displacement

occurs at higher elevations until the height of H/2 where the water level is kept con-

stant. It is not feasible to expect vertical displacement to converge to certain values

so that this parameter can also govern waiting time proposal before the reservoir is

loaded to higher water levels. But it is helpful in a way that the difference on dis-

placement between each increment of waiting times does get less significant after 20

days. Afterwards, the difference stayed constant between further increments. In ad-

dition, even the maximum displacement at this stage is not significant for the current

configuration of the model since it is only 0.07% of the dam height. In general, a safe

design is limited settlement to be less than 1% of the embankment height.

The horizontal displacement variation is presented in Figure 5.5. The figure indicates

the soil movement to the upstream side for the lower elevations in the core. The

movement direction is the opposite for the higher elevations, to the downstream side,

and the maximum deflection occurs at the H/2 water level. The maximum value

shifts to higher heights as waiting continues; this is because the water level reaches

up to the H/2 in the shell also. It can be said that the rate of displacement tends to

decrease after each increment of waiting times.
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Figure 5.5: Horizontal displacement variations for different first hold durations on

section A-A
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Figure 5.6: Total vertical stress variations for different first hold durations on section

A-A
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Figure 5.6 shows almost no change in total vertical stress at the upstream face of the

core for waiting time increments after 20 days. It slightly decreases at the bottom

parts due to the water entrance.
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Figure 5.7: Pore-water pressure variations for different first hold durations on section

A-A
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Figure 5.8: Initially induced effective stresses due to water content

Figure 5.7 shows a convergence of the change after 20 days. The nodes at the upper

part of the reservoir does not feel the filling as their values are kept at their initial

activation pressure values. However, as seepage reaches to and below H/2 level,

the pore-water pressure increases to positive values. A well-known linear increase

with depth is obtained for the nodes located under H/2. It should be noted that
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the activation pressure of -310 kPa of the core and -10 kPa in the shell is linearly

interpolated in the transition layer between the zones and therefore, the values from

Section A-A are not necessarily -310 or -10 kPa. This transition is clarified in Figure

5.8.

In order to observe the horizontal variations of the parameters, a horizontal section C-

C in Figure 4.4 is preferred. The horizontal differences of the parameters for different

zones play a crucial role for observing differential settlement. The section C-C is

located at H/2 level due to the existence of the maximum values aforementioned in

previous figures where vertical variations were indicated. The dotted line indicates

the center line axis of the dam.

Effective stress differences between incremental waiting times is plotted on Figure

5.9. It is clearly visible how effective stress changes between the shell and core mate-

rial, due to their initial water content and unit weight contrasts. It is again acceptable

to say that the effect of different waiting times on horizontal effective stress is not

significant except the transition zone, approximately 10 m away from the center line

of the dam towards the reservoir. In addition, the effective stress decreased to 25%

at -10 m, resulted from water intrusion. However, this decrease converges after the

20 days hold and does not decrease further in case of a longer monitoring. There-

fore, this figure is a good indicator of an expected effective stress reduction on the

upstream boundary of the core zone for longer waiting times, that should be taken

into consideration during practical applications that the stress tends to decrease be-

fore converging. This information is valuable for on-site operation engineers such

that it is not feasible to continue further filling before this convergence occurs.
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Figure 5.9: Effective stress variations for different first hold durations on section C-C
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Figure 5.10: Total vertical stress variations for different first hold durations on section

C-C
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The horizontal variation in total vertical stress is interesting in terms of the stress

variations for different zones and presented in Figure 5.10. Almost constant vertical

effective stress values around the dam center line is disturbed from the upstream side

by the arrival of water. An increase just inside the upstream side of the core and a

decrease at -10 m progressively continue as waiting time increases. The decreasing

part is prone to convergence at 165 kPa at day 20 and does not further decrease in

case of a longer monitoring.

The minimum principal stress does not significantly vary for different hold duration.

The slight changes between increments, around 10 kPa, are converged after 15 days

of monitoring (See Figure 5.11) due to the water entrainment.

Figure 5.12 clearly shows the possible low principal stress location at -10 m, that is

the upstream face of the core, which is the most expected place for hydraulic fractur-

ing to occur. This is where principal stress decreases at first after hold starts, but starts

to increase for longer waiting times until it converges at 20 days of waiting. A further

increase after 20 days is not significant. Therefore, the reservoir can safely be sub-

jected to further increasing water levels in terms of hydraulic fracturing possibility.

It is crucial that if filling continues without the proper hold, the hydraulic fractur-

ing possibility is quite high. Because the minimum principal stress first decreases to

its minimum before converging to increasing values, such that the hold is necessary

in order not to load the body with even further loads in this susceptible time zone.

However, the dam is still safe against fracturing because the pore-water pressure at

the same elevation is lower than the minimum value of principal stress as shown in

Figure 5.12. It should be noted that, even though the downstream side of the core has

lower principal stresses, hydraulic fracturing is not possible because there is no water

intrusion to that zone yet.
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Figure 5.11: Minimum principal stress variations for different first hold durations on

section A-A
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Figure 5.12: Minimum principal stress variations for different first hold durations on

section C-C
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In the light of the aforementioned figures, the acceptable variations show a common

convergence at 20 days of monitoring and a further waiting is not necessary in terms

of hydraulic fracturing possibility. Therefore, the hold duration is suggested to be 20

days at H/2 for further loading of the reservoir.

5.2.2 Determination of the duration of intermediary hold at 3H/4 elevation
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Figure 5.13: Applied boundary condition of filling schedule

A similar approach is followed for the determination of the duration of second hold.

This time twelve different alternatives of hold duration at 3H/4 starting from five

days to 60 days with five days of increments. From Section 5.2, the minimum rec-

ommended hold duration of 20 days at H/2 is implemented for low pool filling. The

filling rate for the current rise is 0.3 m/day and takes 14 days and followed by the

second hold alternatives. The time of readings from the provided graphs is right after

the end of hold duration in order to see its results to the dam’s behavior. This part of

filling is more hazardous to dam body in terms of hydraulic fracturing occurrence be-

cause the reservoir is loaded by a higher pool level and the seepage through the core
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increased due to higher hydraulic gradient through the dam. The following figures

are obtained from the data located to Section A-A in Figure 4.4. It should be noted

that the movement of seepage is mainly through the core during the second hold. The

upstream shell quickly reacts to water level changes and phreatic surface is raised

simultaneously. The implemented filling schedule is provided in Figure 5.13

The effective stress variations for the second hold is presented in Figure 5.14. This

time, the variations are mainly located at 3H/4 on the section and tend to converge

after 45 days of hold. After the 45 days of hold, the effective stress converges to

its ultimate value where further monitoring does not have any effect. Emphasizing

the variation over the height, the nodes under the phreatic surface has lower effective

stresses, while the upper located nodes do have greater effective stresses even though

the weight of the soil above is relatively small.

Figure 5.15 shows the upward movements over the height of the dam. The displace-

ment continues to increase just like the first hold. The displacement has its main

propagation between H/2 and 3H/4. Moreover, the maximum displacement slightly

shifts upwards as waiting time increases. With respect to waiting times alternatives,

the differences between the curves are bigger for first time increments and reaches up

to an almost constant propagation after 30 days of hold.

59



60 80 100 120 140 160 180 200 220
Vertical Effective Stress (kPa)

0

2

4

6

8

10

12

14

16

18

20

H
ei

gh
t (

m
)

5 Days 5 Days

10 Days
15 Days
20 Days
25 Days
30 Days
35 Days
40 Days
45 Days
50 Days
55 Days
60 Days

60 Days

A

A

C
B B

C

Figure 5.14: Effective stress variations for different second hold durations on section

A-A
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Figure 5.15: Vertical displacement variations for different second hold durations on

section A-A
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Figure 5.16 shows the horizontal displacement for different nodes at Section A-A (See

Figure 4.4). The horizontal movement of the upstream side of the core is to the right

and has the maximum displacement value at 3H/4 where the current phreatic surface

is located. The magnitudes of displacements are relatively insignificant compared

to the dimensions of the body. This small movement is a consequence of the water

weight on the upstream shell pushing the dam towards the downstream side. Different

waiting time alternatives only affect the upper part of the body and has no significant

effect under the phreatic surface. This may be interpreted as the upper heights catch

the movement of the lower side slowly. The difference between the alternatives gets

negligible after 30 days of monitoring.

The total stress variation almost steadily increases with the depth as presented in

Figure 5.17. Since the phreatic surface is stationary over the Section A-A in Figure

4.4, there is no effect of waiting times. As expected, similar behavior is observed for

minimum principal stress as it is presented in Figure 5.18.
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Figure 5.16: Horizontal displacement variations for different second hold durations

on section A-A
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Figure 5.17: Total vertical stress variations for different second hold durations on

section A-A
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Figure 5.18: Minimum principal stress variations for different second hold durations

on section A-A
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Pore-water pressure distribution (Figure 5.19) over the height for second hold is sim-

ilar to the one for the first hold. The reaction to water raising is relatively fast coming

after 5 days of waiting. Negative pressures due to initial moisture content turn into

positive as the phreatic surface reaches to higher level of 3H/4.

The effect of the raise is inspected through the horizontal Section C-C in Figure 4.4

in order to see the propagation of the seepage. Figure 5.20 shows the decrease in

effective stress by the presence of phreatic surface for different waiting times. The

decrease is almost constant for different alternatives and shows no significant behav-

ior for any specific alternative. It can be understood that the different waiting times

only enable further propagation of the effective stress decrease. It should be noted

that the minimum value, that is prone to hydraulic fracturing, is still located at the

upstream face of the core and is not affected from different waiting times. Therefore,

for this case it can be said that the different alternatives of waiting times have no

significant effect on the hydraulic fracturing occurrence since their effect is limited

to the near-central axis where the effective stresses are still relatively higher than the

transition zone.
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Figure 5.19: Pore-water pressure variations for different second hold durations on

section A-A
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Figure 5.20: Effective stress variations for different second hold durations on section

C-C
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Figure 5.21: Total vertical stress variations for different second hold durations on

section C-C
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Figure 5.21 presents the variation of total vertical stress with respect to the different

horizontal locations. The presence of phreatic surface decreases the total stress and

pushes it propagate to the right side of the core. For the different alternatives of

waiting time, the change between the curves gets almost constant after 30 days of

hold. The minimum values are still located on the upper face of the core where the

hold has no effect on it while the pore-water pressure is present. The downstream

side of the core has no significant meaning with respect to hydraulic fracturing since

there is no pore-water pressure in that zone yet.

The vertical displacement variation is presented in Figure 5.22. The differential

movement between the core and shell is clearly visible. The core material that has

lower elastic modulus, tends to move upward more than the stiffer shell material. It

is not possible to say that this difference of approximately 30 mm would definitely

cause a crack formation in the transition zone but surely leads to differential move-

ment that may cause the crack. In terms of different hold alternatives, the difference

between the curves starts to converge after 30 days of hold and propagates steadily

afterwards. The differential movement between the maximum and minimum points

does not change with waiting durations because both points tend to move upward by

the same velocity.

Since hydraulic fracturing initiates when minimum principal stress is exceeded by

pore-water pressure at the same height, the horizontal variation of pore-water pressure

is inspected at H/2. Figure 5.23 shows the change in pore-water pressure as seepage

propagates through the core. The maximum change between the curves occurs after

30 days of monitoring and only propagation of seepage continues afterwards. Only

positive values are located on the upstream side of the core and still relatively small

with respect to the total stresses.
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Figure 5.22: Vertical displacement variations for different second hold durations on

section C-C
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Figure 5.23: Pore-water pressure variations for different second hold durations on

section C-C
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Figure 5.24 shows an increase in minimum principal stress at the upstream side of the

core as waiting time increases. The increase tends to a constant value after 30 days

of waiting time. From this figure, it should be said that any waiting period after the

second filling has an improving effect on minimum principal stress that is the main

parameter against hydraulic fracturing. However, for the current model, hydraulic

fracturing is still not the issue since the pore-water pressures at the same elevation

presented in Figure 5.23 are much less than the minimum principal stresses. There-

fore, initial conditions after the construction play much greater role on the hydraulic

fracturing formation than strategically planning the filling schedule for this current

hold.
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Figure 5.24: Minimum principal stress variations for different second hold durations

on section C-C

The horizontal Section B-B (See Figure 4.4) located at the 3H/4 elevation, is an

indicator showing the effect of waiting durations. Minimum principal stress increases

when longer holds are provided. Figure 5.25 points out the increase in minimum

principal stress on the upstream side of the core due to the existence of the phreatic

surface, while it tends to decrease near the central axis of the dam where phreatic

surface does not arrive yet.
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Figure 5.25: Minimum principal stress variations for different second hold durations

on section B-B

In the light of the presented data from the different sections in the dam body, the

increasing hold time has a positive effect against hydraulic fracturing occurrence in

the core zone since it always tends to increase minimum principal stresses. However,

a proposal of minimum required second hold duration is hard to be provided by this

study, since the behavior of the principal stress only propagates for longer durations

for which the values are already greater than the pore-water pressure at the same

height. However, if inadequate minimum principal stresses are observed in the site

conditions, the longer the provided holds, the more precautions against the hydraulic

fracturing. The propagation of the phreatic surface is very slow in the core due to

the low hydraulic conductivity and this, by itself, gives an ample time to react against

the rise of reservoir water level. Therefore, different hold durations do not create

a major difference in the core since the magnitude of durations are not significant

considering to phreatic surface propagation in the core. In order to see an actual

convergence in the core after the second hold, much longer durations of holds should

be provided which is not suitable for a practical filling schedule. In this configuration,

the seepage does not even reach to the central axis of the dam. However, this non-
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governing and safe condition is observed due to even lower hydraulic conductivities

introduced by the placement under optimum water content. Therefore, in case of a

lower initial activation pore-water pressures, the higher hydraulic conductivity would

lead to faster seepage propagation and create more susceptible conditions in the core

against hydraulic fracturing. For this specific case, second hold duration of 50 days

is considered to be enough, conservatively. Because there is no further significant

change in the data located in the critical sections in the case of longer monitoring.

5.3 Sensitivity Analyses

5.3.1 Effect of Meshing

The effect of meshing on the results of finite element analysis is compared for three

different mesh sizes. GeoStudio™ manuals (Geo-Slope Int. Ltd., 2012) recommends

the most simple mesh style composed of quads and triangles. The software has an

automatic mesh creator according to user’s preference. The domain is discretized

into global element size, k, of 1 m, 1.2 m and 1.5 m meshes in order to see how

this selection affect the results. Since the coupled stress-PWP analysis solves both

mass conservation and force equilibrium equations simultaneously, one parameter of

seepage quantity and one parameter of stress/displacement quantity are inspected for

this purpose. Pore-water pressure from a representative node from the upstream side

of the core, Node 1 in Figure 5.26, and horizontal upstream side crest deflection are

selected for this comparison of mesh size. The variations of these two parameters are

presented in Figure 5.27.

1
2

3

Figure 5.26: Representative nodes
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Figure 5.27: Mesh sensitivity
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Seepage quantities for different mesh sizes agree with each other with a relatively

small numerical noise between day 20 and day 40 in Figure 5.27a. The horizon-

tal movement of the crest shows the same behavior for each mesh size in Figure

5.27b. However, converged values after 50 days are slightly differed from each other.

This is understandable if the exponential time step is considered. As aforementioned,

the coupled analysis convergence is overly sensitive to time step and mesh correla-

tion. Since time step increases exponentially, the effect of mesh size points out more

clearly. However, this much of difference is acceptable for the current study since the

behavior is exactly the same for different mesh selections. In addition, the general

behavior of the embankment against filling is in the scope and the aim is not to pro-

vide the most accurate result. Therefore, a global element mesh size of 1 m is selected

throughout the study with an appropriate convergence and minimum numerical noise.

5.3.2 Effect of Uncontrolled Rate

Since design manuals do not specify the uncontrolled filling up to a low pool, this

study assumed to use rate of, r=0.6 m/day for water level rise rate up to H/2 level

since this value is highly expected and understandable for embankments. However,

in case of different inflow conditions and site-specific features (different storage-

elevation relation), four different filling rates of 0.4 to 1 m/day with 0.2 m/day in-

crements are inspected. Only the filling duration up to H/2 are different for this

approach, that the first hold is 20 days, the second is 50 days and the upper reservoir

filling rates are 0.3 m/day. It should be noted that, the rate is commonly restricted

due to limiting seepage rate that may initiate internal erosion, piping. However, for

the first hold conditions, seepage is mainly propagating in the upstream shell which

is permeable. Therefore, the phreatic surface is sensitive to higher and lower filling

rates. Nonetheless, the effect of uncontrolled filling rate has negligible effects on the

seepage in the core. Figure 5.28 shows the behavior in terms of effective stress at

Section A-A and elevation H/2, where the phreatic surface locates during the first

hold. It can be seen that the behavior is the same for all alternatives. However, the

convergence is achieved faster for higher rates and most necessarily, tends to the same

values. It should be considered that the difference between the curves of each filling

rate decreases as it gets closer to 1 m/day.
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Figure 5.28: Effective stress on section A-A at elevation H/2

The alternatives are compared with respect to height at Section A-A in Figure 4.4 at

the end of each filling that is, day 21.25 for 0.4 m/day, day 14.15 for 0.6 m/day, day

10.62 for 0.8 m/day and day 8.5 for 1 m/day. The effect of the first hold of 20 days

is also inspected in order to see the effect of uncontrolled rate on first hold duration.

These are presented in Figure 5.29a and Figure 5.29b, respectively. The readings are

extracted from the end of the first hold that is uncontrolled filling duration additional

to 20 days of first hold that is, day 41.25 for 0.4 m/day, day 34.15 for 0.6 m/day, day

30.62 for 0.8 m/day and day 28.5 for 1 m/day. Figure 5.29a indicates the seepage

arrival to the core zone for different rates. While phreatic surface reaches only to the

bottom part of the core zone for 1 m/day rate, for 0.4 m/day reaches up to its stationary

level of H/2 that is the hold elevation. Figure 5.29b shows the effective stress values

at the end of the first hold. During the first hold, it is expected to see a decrease in

effective stress as time passes (See Figure 5.3). Since the minimum effective stress

curve is obtained by 0.4 m/day which is closer to the convergence among other rates,

it had adequate hold for convergence. However, for the rate of 1 m/day case, there is

still some time for its convergence, therefore, a longer monitoring is required. This
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results in a conclusion that faster rates need longer hold time for convergence than

slower term. However, since the filling time is shorter for faster rates, the overall time

for low pool filling in addition to first hold duration is still shorter than slower rates.
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Figure 5.29: Effect of different filling rates
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5.3.3 Effect of Moisture Content During Material Placement

The effect of moisture content of a material placement is a crucial factor for a proper

design. At previous sections, it is mentioned that the water content during the con-

struction placement plays an important role on crack formation during first filling.

The priorly generated pressures and resultant lower conductivities are the engineer-

ing measures against internal erosion. This study emphasizes the role of water con-

tent. USBR (2014b) recommends the optimum water content for each earth material.

The recommended values of the water content are marked on the VWC function of

the material to note corresponding negative pore-water pressure. Later, these nega-

tive pore-water pressure values are assigned to each material as their initial activation

pressure reflecting their placed conditions.

Water Pressure
-140 - -120 kPa
-120 - -100 kPa
-100 - -80 kPa
-80 - -60 kPa
-60 - -40 kPa
-40 - -20 kPa
-20 - 0 kPa
0 - 20 kPa
20 - 40 kPa
40 - 60 kPa
60 - 80 kPa
80 - 100 kPa
100 - 120 kPa
120 - 140 kPa
140 - 160 kPa
160 - 180 kPa

(a) Pore-water pressure contours at day 180 for dry initial conditions

Water Pressure

≤ -450 - -400 kPa
-400 - -350 kPa
-350 - -300 kPa
-300 - -250 kPa
-250 - -200 kPa
-200 - -150 kPa
-150 - -100 kPa
-100 - -50 kPa
-50 - 0 kPa
0 - 50 kPa
50 - 100 kPa
100 - 150 kPa
≥ 150 kPa

(b) Pore-water pressure contours at day 180 for optimum moisture content initial conditions

Figure 5.30: Phreatic surface at the analysis end for different initial conditions

In this application, negative initial pressure induced soil has much lower hydraulic

conductivity that makes first filling much longer in total. The long lag time between

the initiation of saturated hydraulic conductivity value limits the seepage propagation

in the core in a such way that the phreatic surface difference between the alternatives

are quite different from each other, as shown in Figure 5.30.
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Figure 5.31: Effect of placement water content
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From the Node 1 (See Figure 5.26), located in upstream side of the core, representa-

tive VWC and corresponding hydraulic conductivity variation is provided as Figure

5.31a and Figure 5.31b, respectively. The temporal variation of hydraulic conduc-

tivity is responsible for the speed of seepage propagation. Figure 5.32 shows the

variation of minimum principal stress at the end of the first hold between the ini-

tial conditions of dry and optimum moisture content. It can be seen that, the effective

stress curve has already converged if the conditions are dry. This is expected since the

seepage is much faster due to higher hydraulic conductivity. However, the crack for-

mation near the crest is highly expected since the soil is loaded by its tensile strength.

Therefore, this figure clearly shows how initial conditions are very important mea-

sures against crack formation during first filling.
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Figure 5.32: Effective stress on section A-A at the end of first hold for different initial

conditions
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5.3.4 Effect of Material Properties

The results are highly sensitive to saturated and unsaturated properties of the shell

and core material, because, the key parameters for different hold durations are mainly

affected from the propagation time of the seepage. These are unsaturated hydraulic

conductivity and nonlinear function of VWC. This study is based on the sample VWC

functions for each material from GeoStudio’s database, since only the simplification

of the functions resulted in convergent solutions. As Section 5.3.3 reveals, the higher

hydraulic conductivity of the core resulted from initially dry placement, led to a faster

seepage propagation and formed hydraulic fracturing in the upstream side of the core.

Therefore, in the case of materials with higher hydraulic conductivities, hold dura-

tions are expected to be lower. The proposed hold durations are based on the assigned

saturated hydraulic conductivity, VWC function and placement water content. This

approach is sufficient for the purpose of the study, that is obtaining the hydraulic frac-

turing possibility on the upstream side of the core for a hypothetical model. However,

for the real applications, seepage properties of the fill materials should be carefully

implemented to finite element models in preliminary and final design of the filling

schedule in order to decide on exact hold durations. On the other hand, stress/strain

properties of materials have negligible effect on hold durations.

5.4 General Behavior of The Dam With The Proposed Filling Schedule

In the light of previous sections and accepted filling schedule of 20 days of first hold

and 50 days of second hold, the complete initial filling process is investigated in this

section. Effective stress distribution in the dam body starts with relatively higher

values. This is due to the placement water content induced negative pore-water pres-

sures. The core layer, especially, has more than 300 kPa effective stresses (Figure

5.33a). The reduction in the effective stress starts with the reservoir filling (Figure

5.33b).
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The upstream shell is more susceptible to this reduction over the time as phreatic

surface moves into the core. When the water level in the reservoir reaches up to 3H/4

level, the effective stress reduction reaches to critical levels. Figure 5.33c shows

the reduced blue area just near the upstream boundary of the core. This indicates

that the crack formation possibility increases between 3H/4 and H/2 levels. The

crack formation occurs when effective stress reduced below zero. Fortunately, by the

initially induced high effective stresses, the stress does not reach under zero. It should

be noted that, it the material were placed in dry conditions, crack occurrence would

be highly possible. Eventually, the reduction in the stress propagates into the core

zone.

Vertical displacement variation in the dam body is presented in Figure 5.34. The red

colored upward movement follows the phreatic surface and has its maximum value at

the upstream slope of the dam after first stage of filling is done as shown in Figure

5.34a. When the first hold ended, the vertical displacement is spread uniformly inside

the upstream shell (See Figure 5.34b) and set its focus on to the upstream side of the

core (See Figure 5.34c). Eventually, higher displacements are distributed inside the

core zone after the second hold ended. The magnitudes of the displacements are in

the accepted limits that is under 1%.
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Y-Effective Stress

≤ 0 - 50 kPa
50 - 100 kPa
100 - 150 kPa
150 - 200 kPa
200 - 250 kPa
250 - 300 kPa
300 - 350 kPa
350 - 400 kPa
400 - 450 kPa
450 - 500 kPa
≥ 500 kPa

(a) Uncontrolled filling ended - day 14

Y-Effective Stress

≤ 0 - 50 kPa
50 - 100 kPa
100 - 150 kPa
150 - 200 kPa
200 - 250 kPa
250 - 300 kPa
300 - 350 kPa
350 - 400 kPa
400 - 450 kPa
450 - 500 kPa
≥ 500 kPa

(b) First hold ended - day 34
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50 - 100 kPa
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250 - 300 kPa
300 - 350 kPa
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(c) Second filling ended - day 48
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≥ 500 kPa

(d) Second hold ended - day 98

Figure 5.33: Effective stress distribution

79



Y-Displacement
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(a) Uncontrolled filling ended - day 14
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(b) First hold ended - day 34
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(c) Second filling ended - day 48
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(d) Second hold ended - day 98

Figure 5.34: Vertical displacement distribution
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5.5 Verification of Results

The verification of the results is based on the past experiences in the literature, ex-

pected behavior of the embankment and engineering judgement. The verification is

most commonly established on the field monitoring data of case studies for finite el-

ement models using back-analysis. However, since this study focuses on the general

behavior and approach the problem with the use of a hypothetical model, a calibration

using the field data is not presented.

The findings of the study are compared to the actual field practices. The first hold

duration of 20 days at 8.5 m and 50 days of second hold at 12.5 m are reasonable for

small dams, which equal to hold-to-height ratio (rhh) of 2.35 and 4, respectively for

the low and high pool levels. Similar first and second hold durations are presented

inside the compilation of initial filling data in the work of Nobari and Duncan (1972).

For the dams with different heights and low/high pool levels, hold duration to pool

level height ratio is preferred for comparison. These are approximately; 20 days of

hold at 9 m high low pool level (rhh=2.22) for Medicine Creek Dam (USA), 60 days

of high pool hold at 30 m pool level (rhh=2) for Cherry Valley Dam (USA), 45 days of

second hold at 30 m height (rhh=1.5) for Cougar Dam (USA), 100 days of first hold

at 50 m height (rhh=2) for Round Butte Dam (USA), which gives a similar height-to-

hold ratio.

The four expected behaviors (See Figure 2.2) of Nobari and Duncan (1972) are clearly

observed for the current model. At first, the expected water load on the core is ex-

perienced as water level rises in the reservoir and presented in Figure 5.35a by the

data from Node 2 (See Figure 5.26). The second effect of increasing water load on

foundation is shown in Figure 5.35b. A representative node is selected as Node 3 for

foundation effects.

The third effect of uplift on the upstream shell is noticeable in the model’s behavior

(See Figure 5.34) as well as the immediate upward movement (See Figure 5.34a).

In addition, the fourth effect of collapsed settlement is remarkable in the model (See

Figure 5.34c) as the collapse occur near the boundary between upstream shell and

core as the phreatic surface becomes horizontal. It would be clearer if the uplift effect

is less emphasized.
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Figure 5.35: Boundary forces
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CHAPTER 6

CONCLUSION

6.1 Summary and Conclusions

This thesis puts a light into to the first filling application on a new small earthfill dam.

The aim is to present the behavior of dam and propose the durations of intermedi-

ary holds in a multi-staged filling using the recommended Turkish practice of first

filling schedule. The expected failure reasons suggested on the literature are slope

failure and internal erosion due to cracking. Therefore, this study focused on the

slope stability and driving phenomena of internal erosion, that is hydraulic fracturing.

Fracturing formation is based on the approach that is the fracturing occurs when the

minor principal stress is exceeded by the pore-water pressure at the same elevation.

The instrumentation readings are extracted from the concerned sections in the dam

body, that is the upstream face of the core zone vulnerable to hydraulic fracturing.

The study findings were derived specifically for 20 m high zoned embankment dam

as follows:

• The study suggests the 20 days long hold duration for low pool level, i.e, H/2

when uncontrolled filling rate is limited to 0.6 m/day. It is also revealed that the

longer the hold duration at high pool level, the safer the dam against hydraulic

fracturing. Therefore, an acceptable duration of 50 days is found to be adequate

for high pool levels, i.e, 3H/4.

• The results of the study reveal the most possible location of crack formation

during initial filling, that is the upstream core between the height of H/2 and

3H/4.
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• The initial conditions of the earth material are crucially important against crack

formation during initial filling. The study concluded that the use of optimum

moisture content is a more effective measurement than the well-planning of the

filling schedule. The determination of filling schedule plays a critical role on

controlling the magnitude of seepage and the load from the reservoir, consider-

ing the time-lag between the reservoir level and its effect in the core body.

• The compaction water content of the earth material during construction gener-

ates high pore-water pressures that would prevent hydraulic fracturing. This is

clearly presented in the current study in terms of minimum principal stress com-

parison between dry and optimum water content conditions. The dry material is

prone to crack formation at the upstream boundary of the core since the mini-

mum principal stress values are partially negative. The increased effective stress

values resulting from negative pore-water pressures, had made the embankment

resilient to crack formation. The initial high effective stresses eliminate the risk

of reducing below zero, that accepted as the crack initiation.

• Another important effect of the compaction water content is the reduced hy-

draulic conductivity due to negative pore-water pressures. This, by itself, gives

an ample time to reservoir during initial filling. In the optimum wet condition,

it is not expected to see seepage propagation in the central axis of the dam even

when the total filling process ends. Therefore, a proper convergence of parame-

ters during the high pool hold comes much later than the total filling duration.

• The filling rate to the low pool levels, that is uncontrolled filling, has consider-

able effects on filling. The study finds that the faster rates need longer holds for

reaching to convergence compared to slower rates. However, when both filling

and hold durations are taken into consideration together, the overall duration

of filling schedule is reduced for faster rates. It should be noted that the rate

limitations are recommended by considering leakage and piping occurrence due

to higher seepage velocities. Therefore, even though relatively faster rates does

not create considerable contribution to hydraulic fracturing possibility, higher

seepage velocities should be taken into account.

84



• Differential settlement between the core and the upstream shell is visible through

the study findings. The study found that waiting times does not have consider-

able effect on decreasing the differential settlement. Its occurrence depends on

the initial conditions of the earth material and the selection of zoning materials

with varying elastic modulus.

6.2 Contribution to Practical Applications

The study provides practical findings that would be considered during the preliminary

design of embankments. The expected behavior of the embankment, use of coupled

stress-PWP analyses, inspection of fragile sections in the dam body would be taken

into account for design engineers.

Secondly, the information is valuable for on-site engineers that has an access to in-

strumentation data of the embankment during initial filling. Throughout the thesis,

the convergence trend of the key parameters as well as their duration is inspected.

Engineers may use this information to manipulate the actual dam data in order to

understand when to expect convergence from their propagating data. Especially for

the holds at low pool levels, the minor principal stress behavior over the time is very

crucial for preventing hydraulic fracturing. The initially decreasing principal stress at

the upstream boundary of the core should be carefully watched until the increasing

trend begins, in order to provide adequate time before loading the dam by even higher

loads.

6.3 Suggested Future Work

The following topics may be further studied:

• An optimization study for selection of intermediary water levels is valuable to

decide at which elevation the holds should be provided.

• Wider sensitivity analyses of the effect of shell slopes and material properties

on hold durations can be conducted since the upstream shell dimensions and

material plays considerable role on the water propagation until the core.
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• Earthquake effect to the results may be examined.

• Probabilistic analysis of first filling should be considered for the sake of a com-

plete investigation.

• The same approach would be used for existing dam having a remarkable repair

or for an existing dam encountered a major flood.

• The effect of slope and thickness of the core would be studied in detail against

hydraulic fracturing occurrence since narrow core zones are more susceptible to

fracturing.

• The effect of dam height on the filling schedule can be investigated.

• The effect of staged construction prior to filling would also be taken into con-

sideration since the consolidation of the earth material plays an important role

for the initial pressure distribution across the dam body.
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