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Abstract

The research activity carried out during the PhD period focused on the
numerical modelling of earth dams. In particular, dam response to a
drawdown of the reservoir after a strong earthquake was investigated,
accounting for different operating conditions. The interest on such a topic
comes from the fact that in Italy and worldwide there are many large dams,
most of which are earth dams, placed very close to active faults and hence
subjected to high seismic hazard. In such conditions, the structure may be
asked to face the earthquake first and the emergency rapid drawdown later.
Individually, each stage may be critical from the viewpoint of dam stability;
if the two stages occur simultaneously or consecutively the effects on the
embankment may be very dangerous.

Worth mentioning are the strong earthquakes occurred in central Italy
(L’Aquila, 2009; Amatrice and Norcia, 2016) in the last decade, against
which the authorities in charge of the dam safety acted completely
unprepared to face the emergency, due to the lack of pre-arranged
predictive/interpretative tools. Especially, after the latest events of
Amatrice and Norcia (2016), the possible negative effect of a drawdown
carried out after a strong earthquake had arisen greater interest than in the
past. The seismic activity near the Campotosto Lake (central Italy), with its
three dams (Sella Pedicate, Rio Fucino and Poggio Cancelli), caused huge
apprehension in the local authorities and population, worried about dam
safety after a so long and severe seismic sequence (2016-2017). Dam
managers, on the other hand, were wondering whether lowering or not the
reservoir.

The investigated research theme is quite new in the geotechnical field. In
the past, the single dam stages were examined separately. In this work, the
drawdown simulation has been performed after a dynamic stage and no
previous studies have been found to date on such an issue.

The first chapter of this thesis illustrates a brief introduction of the problem
and its complexity.

The second chapter reports a detailed state-of-the-art on existing methods
for modelling the static (including the reservoir drawdown) and seismic
response of earth dams. The overview on the analysis methods, with their



pro and cons, allowed the selection of the most suitable approach to model
both the static and the seismic response of the dam. With reference to the
latter issue, the Performance Based Design approach was applied in order
to define the dam performance objectives with identification of different
limit states. In the performed computation, the seismic stage is a
fundamental one because it provides the initial stress state for the following
drawdown analysis.

In the third chapter, the mathematical formulation necessary to solve the
selected boundary value problem will be presented. Some constitutive
models suitable to represent soil behaviour under cyclic loading will be
briefly described, together with the boundary conditions required in each
simulation stage.

In the fourth chapter, the case study selected to perform the advanced
dynamic analyses and the rapid drawdown simulation will be explained in
detail. The selected case history is the Campolattaro dam, a zoned earth
dam, built between the 1980s and the 1990s, in a high seismicity area. A
detailed geotechnical characterization of the dam soils was achieved thanks
to a new investigation carried out during the PhD period. The numerous
data available allowed the calibration of the adopted constitutive models,
especially under cyclic loading. Then the different steps followed to
simulate the construction, earthquake and drawdown stages will be
illustrated.

In the fifth chapter analysis results will be provided trying to highlight the
different factors affecting the dam response during the drawdown (initial
stress state, stress change due to seismic stage; drawdown rate, R;
drawdown ratio, L/H).

From the performed analyses it emerged that dam stability, ascertained in
terms of global factor of safety (FOS), is higher if the drawdown is carried
out without accounting for the earthquake. Conversely, the occurrence of
an earthquake (whichever its severity) could reduce the safety of the
upstream shell during the drawdown, especially at the beginning of the
lowering operations, i.e. L/H < 0.3. Moreover, the dam response during a
drawdown is obviously affected also by the drawdown rate. The faster the
drawdown, the smaller is the FOS and less important become the effects of
the initial conditions on the slope stability.
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1. Introduction

According to the Italian Dam Service (may 2014), the heritage of Italian
large dams includes 538 structures of various typologies (e.g. gravity dams,
arch dams, arch-gravity dams, etc.), materials (e.g. earth, concrete,
masonry) and age. Among these, 165 are earth dams.

== dighe
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Figure 1-1. Italian dams (Italian Dam Service, 2016).

Many earth dams built in the twentieth century were designed
underestimating the seismic hazard of the site. In recent years, new studies
on the seismic hazard of the country have been carried out and many dams
today are located in areas of higher seismicity compared to the past. Thus
arises the need to evaluate or, in some cases, to re-evaluate the seismic
safety of these dams, which do not fit the safety criteria required by current
seismic regulations. Unfortunately, for existing dams such assessment is



Chapter 1 Introduction

not simple because it raises a number of problems related to the absence of
an “ad hoc” methodology to carry out the seismic assessment and the
uncertainties linked to the actual state of the dam.

In addition to the risk associated to dams in seismic areas, the drawdown
of the reservoir may also be a critical stage for the stability of dams in
operation. The lowering of water level has two effects: reduction of the
stabilizing effect exerted by the external hydrostatic pressure (unloading
effect on the upstream shell) and modification of the internal pore water
pressure.

In these days the aforementioned issue has become particularly crucial
since the long sequence of the latest earthquakes in Central Italy (Amatrice
and Norcia, 2016) is causing huge concern in the local administrators and
dam managers. For safety reasons, these latter ones may be pushed to lower
the reservoir of the dams placed in the epicentral zones. Figure 1-2 shows
the seismic activity near the Campotosto Lake (Central Italy), where three
dams (Sella Pedicate, Rio Fucino and Poggio Cancelli), built in the early
twentieth century, form the reservoir.
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Figure 1-2. Seismic activity in Central Italy around the Campotosto Lake from August 24" 2016 to
January 20" 2017 (INGV, 2017).




Chapter 1 Introduction

1.1 AIM OF THE WORK

The evaluation of the effects of a rapid drawdown on dam stability after a
strong earthquake is the scope of this study.

The lack of literature studies, technical regulations or guidelines on this
issue led to investigate the key factors that may influence the problem to
find the proper procedures to perform a safe drawdown of the reservoir for
dams hit by strong earthquakes.

For this purpose, a deep literature review on dam stability due to a
drawdown has been carried out. On the basis of the classical limit
equilibrium approaches, the phenomenon is known to depend on strength
characteristics of the soil, slope geometry and drawdown ratio.

The development of numerical approaches, instead, allowed to perform
transient seepage and coupled analyses, so other variables, such as soil
permeability and stiffness and drawdown rate, have been added to the
former ones.

However, since earth dam response depends on past loading conditions, the
study of the problem required that the several stages of the dam lifetime
(construction, first filling, operation, seismic stage, drawdown) should be
reconstructed in the simulation.

Afterwards, a case study of an existing zoned dam has been modelled,
evaluating its seismic response before performing the drawdown analyses.
The dynamic stage has been computed considering as input a series of
accelerograms that fulfil the seismic hazard of the dam site, according to
the current national regulations (D.M. 14/01/2008, M.I.T. 26/06/2014).

In most of literature studies on slope drawdown, the soil is considered as a
two-phase medium, i.e. above and below the phreatic surface it is assumed
dry or completely saturated, respectively. Actually, during a rapid
drawdown, this assumption is very rough, especially if the earth dam is
made of fine and compacted soils, characterized by very low permeability.
So, in the drawdown simulation, the mechanics of unsaturated soils was
also introduced.






2. State-of-the-art on earth dam static and
dynamic modelling

Assessment of earth dam safety is a very challenging issue for geotechnical
engineers, especially when existing earth dams are concerned since their
response depends on several loading conditions that can occur.

In very recent years the seismic response of existing dams has arisen a very
large interest due to the increased awareness of the risk connected to these
structures in high seismicity zones and to the fact that most of these
structures were not specifically designed to resist against earthquakes. Due
to the long sequence of the last earthquakes occurred in central Italy
(L’Aquila, 2009; Amatrice and Norcia, 2016) also the drawdown effect
after a strong earthquake is arising greater interest than in the past.

This chapter illustrates a state-of-the-art on the static ad seismic modelling
of earth dams.

Firstly, the effects induced by a rapid drawdown on submerged slopes are
recalled.

Secondly, the existing methods used for the evaluation of the seismic
response of earth dams are described. Each method has its own pros and
hence has its own limitations. It is therefore essential to be aware of the
limitations of these methods.

Subsequently, the Performance Based Seismic Design (PBSD) criteria are
introduced in order to assess the earth dam performance under static and
seismic loading. The high risk associated to dams due to relevant social,
economic and environmental consequences of a failure requires dam
performance to be known in each stage of the dam life.

2.1. RAPID DRAWDOWN

The stability of a slope depends on its geometry, soil properties and the
forces acting internally and externally (Berilgen, 2007). The pore water
pressure and external water load (reservoir) are examples of such internal
and external forces that may have consequences both from hydrostatic and

11
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hydrodynamic perspectives on the slope stability. Whether a slope is
partially or totally submerged, the internal and external forces that affect
the slope can change as the water level changes. As a result of the water
level change, both seepage-induced pore pressures due to transient flow
and stress-induced pore pressure changes, Au, develop inside the slope.
Pore pressure changes dissipate over time and consolidation takes place.
The rate of dissipation of Au and decrease in seepage-induced pore
pressures depend on the drawdown rate and the hydraulic conductivity and
compressibility characteristics of the slope materials.

In highly permeable soils, stress-induced Au mostly dissipate during
drawdown. In soils with low permeability, seepage-induced and stress-
induced pore pressure changes are not likely to dissipate at the same rate
with the external water level changes; consequently, totally or partially
undrained soil behaviour will be observed (Figure 2-1).

o= il u
Pore pressure + Ay from change
hydrostatic under

W high waler level

l“"-_'i" water lgad
FpHingt surlace
of slope

(a) - b

¥ Pore pressure
L hydrostatic under
f low water level

Pore pressure
o from transient

] figw met

te) (d)

Figure 2-1. Response of slope to rapid drawdown. (a) Initial equilibrium condition. (b) After
drawdown but before consolidation adjustment. (c) After consolidation adjustment. (d) Final
equilibrium condition (Lambe and Whitman, 1969).

If the change in external water level happens without allowing the drainage
of the slope soils, it is called sudden or Rapid DrawDown (RDD). Due to
the rapid drawdown there will be a worsening of the slope stability
conditions, which may lead to slope failures. In the past, many similar
failures have been observed in natural and constructed slopes. It is
important to study and understand the stability of the slopes near reservoirs,
rivers, lakes and seas where RDD occurs in order to secure the safety of

12



Chapter 2 State-of-the-art on earth dam static and dynamic modelling

people and critical infrastructure in the surrounding areas. Advanced
solutions of this challenging problem will result in safe and economic
treatment of areas that are under RDD related risks.

To define the safety factor of the submerged slope, either the classical slope
stability analysis based on limit equilibrium (generally using method of
slices) or numerical solutions (finite element methods, finite difference
methods, etc.) are widely used.

Traditionally, in slope stability analysis, undrained parameters (total stress
analysis) are used for the short-term stability analysis, and drained
parameters (effective stress analysis) are used for the long-term stability
analysis. In the geotechnical literature, procedures for RDD stability
analysis are extensively reported for both conditions, as will be illustrated
in detail in the following sections. Pore water pressures are needed for the
effective stress analysis, where the effects of seepage-induced pore
pressures are determined by the help of numerical techniques such as the
finite element or finite difference methods, which, in turn, are used in the
limit equilibrium analysis. However, total stress methods are utilized more
frequently, mainly due to the difficulty in determining the pore pressures
required in the effective stress methods. In recent years, it has become more
common to use the numerical methods, especially the finite element
method for the stability analysis of slopes. The finite element method can
be used for the stress, seepage, and stability analysis of slopes, taking into
account nonlinear material behaviour, complex boundary and loading
conditions. It has also become possible to perform coupled analysis of
stress-induced pore pressure generation and dissipation over time.

In the sixties Morgenstern (1963) listed slope failures all over the world
(France, USA, Australia, India) caused by a rapid drawdown (Table 2-1).

Based on these failures, Morgenstern offered a simple way to assess the
stability of the upstream slope of dams by stability charts. The latter ones
facilitate the computation of the factor of safety during rapid drawdown.
As the reservoir level is lowered, the factor of safety decreases if it is
assumed that no dissipation of pore pressure occurs during the drawdown.
Pore pressures due to the drawdown may be estimated using the pore-

pressure coefficient defined by Skempton (1954), B , depending on changes
in total stress caused by the drawdown.

13
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Name Height : Upstream Soil properties Notes and references
(ft) slope
Cercey o i 377 2-4:1 ¢’ =26 per sq. in. Drained shear box tests
§° = 267 carricd out many
years after failure,
Mayer (1936}
Wassy .. .. 540 1:5:1 &’ = 2.8 per sq. .| ___do o
@ = 23°
Gmshois_m . ._ ‘e &7-0 i 1-9:1 ¢’ (-; per sq. in, do.
. 5.70
Charmes .. .. 557 1-9:1 ¢’ =41 per sq, in. do.
4 = 266°
Bear Gulch .. 630 3:1 — Sherard (1953)
Belle Fourche .. 122-0 2:1 & = 79 per sq. in. . Un;lr.ain;:d direct shear
¢ =97° tests after failure,
Sherard (1953)
Brush Hollow .. 730 31 &y == 13-5-28-4 per sq. in. Unconfined compression
tests after failure,
Sherard (1953)
Mount Pisgah .. 760 15:1 - Sherard (1953)
Utica .. .. 70-0 2:1 — Reinius (1948)
Eildon .. .. 90-0 1-35:1 — Schatz and Boesten
(1936)
Aiai-ike .. .. 425 1:1-2:1 | ¢" = 1-5 per sq. in. Consolidated undrained
§" = 18° triaxial tests, Alkai
(1958}
Fruitgrower's ' 36-0 3:1 — Sherard (1953)
Forsyth . .. 650 2:1 — Sherard (1953)
Standley Lake .. 113-0 2:1 — Sherard (1953)
Willingdon .. - 550 2:1 — Rao (1961)
Palakmati .. .. 46-0 2:1-3:1 — Rao {1961)

Table 2-1. Some drawdown failure of earth dams (Morgenstern, 1963).

The pore pressure coefficient B is defined as:

- A
B= _p1—(1-a)1-2% @.1)
Ao, Ao,

where Au is the change in pore water pressure and Aci is the major
principal stress change. In eq. (2.1) is reported also the relationship between
B and the pore-pressure coefficients A and B given by Skempton (1954).

Thus, the change in pore water pressure during drawdown can be expressed
as:

Au = BAo, 2.2)

14
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The smaller the value of B, the smaller the changes in pore water pressure
during the drawdown. Because these changes are expected to represent
decreases in pressure, the smaller the decrease in pressure during
drawdown, the higher will be the final values of pore water pressure.

Higher values of pressure correspond directly to lower factors of safety.
Thus, the factor of safety will decrease as B becomes smaller, all other
factors remaining the same. Bishop (1952, 1954) and Morgenstern (1963)
suggested a value of B equal to unity which represents a lower-bound
and, thus, conservative value. Consequently, and based on equation (2.2),
the change in pore water pressure becomes equal to the major principal
stress change, Aci, (B = 1.0 in Eq. (2.2)). This assumption can be
explained considering that, during the drawdown, the minor principal stress
decreases more than the major principal stress and the incremental change
in principal stress ratio is greater than one. With B approximately equal to
one, and A less than one, B must be greater than one, which is usually the
case if the shear stresses are sufficiently large to endanger the stability of
the dam during drawdown. Therefore the suggested value is reasonable.

For geometrical sections of the slope and soil parameters commonly
encountered in the earth dam field, the stability calculations were carried
out by Morgenstern (1963) with the help of a computer in order to obtain
the stability charts.

The author considered four slope inclinations in terms of the cotangent of
their inclination to the horizontal B (2 : 1,3 : 1, 4: 1 and 5: 1), three values
of friction angle, ¢’, (20°, 30° and 40°) and three values of cohesion,

expressed by the dimensionless ratio C/ el (equal to 0.0125, 0.025 and
0.05). These values represent most of the range encountered in drawdown
problems.

For all combinations in the range of shear strength parameters chosen, the
minimum factor of safety for each slope has been determined for values of
the drawdown ratio L/H of 0, 1/4, 1/2 and 1 (Figure 2-2).

15
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Figure 2-2. Drawdown ratio L/H (Morgenstern, 1963).

The stability charts showing the variation of the factor of safety with the
drawdown ratio are given in Figure 2-3.
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Figure 2-3. Drawdown stability chart for ﬁ =0.0125 (Morgenstern, 1963).
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For the case of complete drawdown, the minimum factor of safety is given
directly by the charts but in the case of partial drawdown the author
recommends an iterative evaluation to find the minimum factor of safety,
varying the position of the critical slip circle, whose depth is not known a
priori.

Morgenstern (1963), for the construction of the charts, has assumed that no
dissipation occurs during drawdown; Newlin and Rossier (1967), instead,
focused on the dependence of the stability of the upstream slope of an earth
dam on the magnitude of excess pore water pressure developed upon a
possible failure surface. The magnitude of this excess pore water pressure
varies with changes in reservoir level, consolidation of the soil mass, and
changes in void ratio on the failure surface due to shear strain. Variations
in water pressure due to changes in the reservoir level have a pronounced
effect and are frequently approximated by making gross assumptions
concerning the relative position of the reservoir level and of the saturation
line.

The authors applied the approximate approach to the nonsteady state
problem of drainage developed by Casagrande (1952) for airport
pavements and for drawdown of dams, extending the theory to cover the
case of partial drawdown. As a result, they obtained a dimensionless
equation relating the time factor (T =k-H -l‘/ C -n-Lz) to the drainage
ratio U (the ratio of the drained area, i.e. the area above the new reservoir
level as level 2 in Figure 2-4, to total area) for various drawdown ratios P
(Figure 2-4), which for P=1 leads to the same equation obtained by
Casagrande for complete (100%) drawdown. The above mentioned
equation is:

Py (2 8 jU 2.3
T = In i 2:3)
1-P 1-U
Solutions for Eq.(2.3) are graphically presented in Figure 2-5 where U is

plotted versus T for various values of P from 0.1 to 1.0, and C is a correction
factor (the computed C values by drawdown tests ranged from 0.3 to 0.7).
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Figure 2-4. Assumed progress of drainage (Newlin and Rossier, 1967)

The authors, then, carried out drawdown laboratory tests involving a
homogeneous and isotropic slope with known boundary conditions. They
focused on comparing the instantaneous lowering of the reservoir level
with the time required for recession of the saturation line. So, using test
results and assuming that the hyperbola has the characteristics required to
fit the shape of the saturation lines obtained at various times during
drawdown, the authors were able to determine the drained area of the slope
and the drainage ratio U.
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Figure 2-5. Relationship between drainage ratio, drawdown ratio and time factor (Newlin and
Rossier, 1967).
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Figure 2-6. Hyperbola used to represent the saturation line (Newlin and Rossier, 1967).
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Since the relationship between U and T is established as shown in Figure
2-5 and the relationship between U and h/H is established as shown in
Figure 2-7, it is possible to relate T to h/H. The result of combining the two
figures is presented graphically in Figure 2-8.
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Figure 2-8. Relationship between position ratio and time factor (Newlin and Rossier, 1967).

So, the solution of a drawdown problem is reduced to the determination of
the time factor T, to find the position ratio h/H through the use of Figure
2-8, and to plot the saturation line. If the drainage ratio U is desired, it may
be obtained directly from Figure 2-5.

The development of numerical approaches and their application to the field
of soil mechanics provide a new method for estimating the stability of
slopes under different submergence conditions, flanking the traditional
approach based on stability charts, developed by Morgenstern. The chart
approach is limited by geometry, material property and the limit state
assumed by the author together with analysis method and failure
mechanism. These limits can be overcome by applying the numerical
strategies (FEM, FDM) widely adopted nowadays.

Lane and Griffiths (2000) used the finite-element method to identify critical
cases of partial submergence and rapid drawdown for partially submerged
slopes. The aim of the study is to go beyond the limits of traditional
methods which cannot cover the full range of possible critical cases or
adequately represent inhomogeneous slopes and complex loading
conditions. Thus, the finite-element method can perform a wider range of
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analysis than can be handled by traditional methods. Utilizing the finite-
element method, potentially critical conditions of rapid drawdown from
partial submergence have been identified and new charts developed.

By the finite-element approach, rapid drawdown is modelled when the
piezometric surface is specified as per the original water level, but the face
loads are based on the drawdown reservoir level, which in this case is below
that of the piezometric values. This approach overcomes the Morgensten’s
hypothesis of no dissipation during drawdown. Another advantage is the
automatic identification of the most critical failure mechanisms,
irrespectively of the drawdown ratio.
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Figure 2-9. Geometrical fem model (Lane and Griffith, 2001).

Comparisons between the Morgenstern and the finite-element predictions
are shown in Figure 2-10.
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Figure 2-10. Comparison of Morgenstern and Finite-Element analysis results for rapid drawdown
conditions for 2:1 Slope: ¢’ = 40° ¢’/yH = 0.05; D = 1.0 (Lane and Griffiths, 2000).
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Desai (1977) also analysed the slope stability problem under drawdown,
considering different rates and using a numerical approach to locate the
internal free surface, later followed by a limit-state analysis for the global
factor of safety (FOS) estimation. A range of drawdown rates relative to
soil permeability were considered. Desai (1977) results can be considered
as representative of a semirapid drawdown in that they are faster than for
equalization to be complete, but they are slower than for rapid drawdown.
Desai estimated that the difference in the FOS between his analysis and for
rapid drawdown would be a reduction of the order of 2—-8%. Figure 2-11
shows a comparison of the results of Desai (semirapid drawdown) and for
those of Morgenstern and the finite-element solution (both for rapid
drawdown). It emerges that the impact of the rapid condition is greater than
Desai prediction - up to 40% in some cases.
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Figure 2-11. Comparison of Desai, Morgenstern, and Finite-Element analysis results for rapid
drawdown conditions for 2:1 Slope: ¢’ = 25° ¢’/yH = 0.0125; D = 1.0 (Lane and Griffiths, 2000).
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A comprehensive discussion on stability methods in the case of a sudden
drawdown was undertaken by Wright and Duncan (1987), who classified
the methods into two groups: in the first group, pore-water pressure is
evaluated first, and the strength of the soil is considered to be independent
of the drawdown process; in the second group, the influence of
consolidation stress on shear strength is considered. The charts of
Morgenstern (1963) and the newer calculations by Lane and Griffiths
(2000) and by Viratjandr and Michalowski (2006) fall within the first
group. In the latter study, the authors use the kinematic approach of limit
analysis. To make the calculations manageable and presentation of the
results possible for a wide range of parameters, they introduce the same
simplifying (conservative) assumption accounted by Morgenstern. Prior to
drawdown, the hydraulic potential is uniform throughout the saturated mass
(Figure 2-12a), and a fictitious (instantaneous) draining process is
considered during which the equipotentials remain vertical within a portion
of the slope (Figure 2-12b), whereas the potential remains constant (but
different) on both sides of that portion. Such an assumption leads to an
overestimation of the hydraulic gradients, and it is acceptable for practical
calculations.

The authors (Viratjandr and Michalowski, 2006) considered both the toe
failures (Figure 2-12¢) and under-the-toe mechanisms of collapse
(characteristic of shallow slopes). When a zoned earth dam with central
core is considered, another assumption is made about the failure surface,
which is supposed enclosed entirely within the shell material (i.e. it does
not intersect the core of the earth dam). Four sets of stability charts are
presented as results of the performed analyses, for different conditions of
rapid and slow drawdown process.

An example is presented in Figure 2-14 where H is the slope height; and Li
and L2 are the water levels in the reservoir and in the slope (measured from
the crest level, Figure 2-13), respectively.
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Figure 2-12. Idealized hydraulic conditions: (a) before drawdown, (b) equipotentials during a
fictitious (instantaneous) drawdown process, (c) toe failure mechanism (Viratjandr and
Michalowski, 2006).

(a)
. (b)
LZI / | 4
H L 0<L<H
L,=0 L,=H
¥ L,=H
0<L,<H
(c) (d)
L,=L, L L)I |4
15 1
AL
Hl _y v H r
02H<L,<H
O<L,=L,<H L, -L,=0.2H

Figure 2-13. Drawdown regimes assumed by Viratjandr and Michalowski (2006).
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Figure 2-14. Rapid drawdown charts, L2=0 (Viratjiandr and Michalowski, 2006).
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The changes in safety factor associated with different draining regimes are
presented in Figure 2-15 for a slope with inclination 1:2, ¢’/yH = 0.05, and
¢’ =40°. The rapid drawdown is indicated by the curve marked with open
diamonds and are close to Morgenstern (1963) results for the rapid
drawdown. Morgenstern results are not shown in Figure 2-15 to avoid
cluttering the graph.
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Figure 2-15. Variation in safety factor caused by various drawdown processes for slope 1:2, ¢/ yH
= 0.05, and ¢ = 40° (Viratiandr and Michalowski, 2006).

The slow drawdown process is shown by the curve marked with open
circles. This is the safest process for emptying the reservoir. A faster
process, with a constant difference in water levels (L1 — L2 = 0.2H, solid
triangles) is characterized by slightly lower safety factors, but it is far safer
than the rapid drawdown process. If the water is drawn rapidly from the
reservoir (open diamonds), the subsequent change in the phreatic surface
in the slope leads to an increase in the safety factor, as indicated by the
curve marked with solid squares.

For two drawdown processes, marked in Figure 2-15 with open circles and
solid triangles, the safety factor reached its minimum at about L/H = 0.65
and 0.70, respectively. This is an interesting phenomenon indicating that
the extreme states of full submergence and the state after full drawdown
may be safe states, whereas the slope becomes most vulnerable to collapse
somewhere before the reservoir is fully drained.

The appearance of this critical pool level was pointed out by Lane and
Griffiths (2000), and they offered an explanation of this phenomenon as a
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result of two competing effects, namely the change in the load of the slope
(due to buoyancy) and the change in the frictional resistance of the soil,
both caused by the water level change.

Comparison between the safety factor during a rapid drawdown calculated
by Lane and Griffiths (2000) and by Viratjandr and Michalowski (2006) is
presented in Figure 2-16 for a slope with an inclination of 1:2 and ¢’/yH =
0.05, and for two values of ¢’, namely 20° and 40°. The results for ¢’ = 20°
coincide very closely, whereas the safety factor for ¢’ = 40° reaches a
maximum difference of about 14% at the end of the process. Although this
difference is not unreasonable, Viratjandr and Michalowski (2006) point to
the difference in the soil model used in both methods as an explanation for
this deviation. The limit analysis is based on the perfect plasticity model
with the yielding described by the Mohr—Coulomb criterion and the
deformation governed by the normality rule (associativity). The calculation
of Lane and Griffiths (2000), on the other hand, included the soil model
with the non-associative flow rule (incompressible material). Since non-
associativity leads to reduced limit loads on a structure, it would expect the
non-associative model to provide lower safety factors.

3.5 :

T
—o— (p=40°
—— ¢p=20° ) |
-k Lane & Griffiths (2000) ¢ = 40°
-- Lane & Grifiiths (2000) ¢ = 20°
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Figure 2-16. Comparison of the rapid-drawdown results (L2 = 0, ¢/ yH = 0.05) with the finite
element calculations (Viratjandr and Michalowski, 2006).

The studies presented so far have focused on the calculation of the factor
of safety considering different drawdown ratios. Berilgen (2007) and later
Alonso and Pinyol (2009, 2016) point out that the drawdown rates affect
the stability of the slope; drawdown rates of 0.1 m/day are common, of 0.5
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m/day are quite significant, 1 meter/day and higher rates are rather
exceptional.

Berilgen (2007) investigates slope stability during drawdown considering
different soil permeabilities, drawdown rates and drawdown ratios,
accounting for nonlinear material behaviour. Slow, fully rapid and transient
drawdown (Figure 2-17), corresponding to different rates of drawdown to
the hydraulic conductivity of the slope materials, are investigated.

Analysis Material behavior Transient seepage Deformation Consolidation Stability
Coupled analysis Undrained Vv Vv W W
Fully slow drawdown Drained NA v NA W
Fully rapid drawdown Undrained NA v NA W

MNA, not applicable.

Table 2-2. Analyses types for slope stability during drawdown (Berilgen 2007).

For this purpose, coupled transient seepage and deformation analysis
(including consolidation) using the FEM approach, together with slope
stability analysis, are performed. In deformation analysis, saturated two-
phase and nonlinear elasto-plastic behaviour of the soil are taken into
account. For slope stability analysis and computation of the global safety
factor (FOS), the strength reduction method is used.
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Figure 2-17. Phreatic level after drawdown: (a) fully slow drawdown (drained); (b) transient
drawdown; (c) fully rapid drawdown, and (d) drawdown rate (Berilgen 2007).

In these analyses, 3:1 slopes with two different heights, H (7 m and 14 m),
two different drawdown rates, R (1 m/day and 0.1 m/day), two isotropic
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hydraulic conductivity values (k =10* and k =10 cm/s) and various
drawdown ratios were considered (L/H = 0.2, 0.4, 0.6, 0.8, 1.0).

According to the analysis results, for soils of low hydraulic conductivity (k
= 10° cm/s) and high drawdown rate (R = 1 m/day), the slope behaviour
approaches to that of fully rapid drawdown condition, and the phreatic
surface remained nearly at the slope surface. In this situation, a fully rapid
drawdown assumption may be made and seepage and consolidation
analysis may be omitted.

For the same soil of low permeability, at a drawdown rate 10 times slower
(R = 0.1 m/day) the FOS vs. L/H curve is still close to the fully rapid
drawdown curve (Figure 2-18). It can be concluded that even for a 0.1 m
daily drawdown rate, still very little drainage takes place in soils of low
permeability.
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Figure 2-18. Variation of FOS with drawdown ratio for H =7 m slope (Berilgen 2007).
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Figure 2-19. Variation of FOS with drawdown ratio for H =7 m slope (Berilgen 2007).

In the case of relatively higher soil hydraulic conductivity (k = 10 cm/s)
and a rather slow drawdown rate (R = 0.1 m/day), even though there is
partial drainage during the drawdown, the computed FOS values are still
lower than those for the case of fully slow drawdown and higher than fully
rapid drawdown, the difference being higher for H = 14 m (Figure 2-19).
Such cases justify performing advanced coupled analyses, as they cannot
be approximated by the limiting cases.

For a high drawdown rate such as R = 1 m/day, even for soils of moderate
permeability (k = 10 cm/s), the slope behaviour approaches towards the
fully undrained behaviour, indicating that even for the slopes formed of
rather high hydraulic conductivity soils (as the dam shells), during high
rates of drawdown, not much drainage is possible and as far as the stability
is concerned the behaviour may be considered to be similar to that of fully
rapid drawdown condition.

Comparing the stability of two slopes of the same soil but different heights
Berilgen (2007) observes that for the slope with H = 7 m the FOS is 2.67,
and for the slope with H= 14 m the FOS is 2.02 for complete submergence,
i.e., L/H = 0. This is due to the difference in strength/stress ratios (c¢’/yH).
Hence, even though for a slope with H =7 m, 100% drawdown (equal to
the slope height, 1.e., L/H = 1) can be achieved without failure, for a slope
of H = 14 m when drawdown level reaches about 60% (L/H = 0.60), the
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slope may fail (i.e., FOS = 1) unless the hydraulic conductivity is high and
drawdown rates are very slow. These results demonstrate the critical
importance of drainage conditions on slope stability during drawdown,
especially for slopes which do not possess a high degree of safety prior to
drawdown.

Alonso et al. (2009, 2016) focused on different approaches available for
calculating pore water pressure distributions during and after the drawdown
of a dam considering the soil as a three-phase medium (in the studies
presented earlier the soil was assumed as a two-phase medium). They
pointed out that pore water pressures in an initially submerged slope, later
subjected to drawdown, depend on several factors, both soil parameters and
“external” conditions: soil permeability (saturated and unsaturated), soil
water retention properties, mechanical soil constitutive behaviour, rate of
water level lowering and boundary conditions.

All the analyses presented by the authors were carried with the code
Code_Bright, which is based on the finite element method for analysis of
thermo-hydro-mechanical problems. The code deals with the deformable
porous media as a mixture of three phases (solid, liquid, and gas). Solid
corresponds to soil skeleton, and liquid and gas correspond to water and
dry air filling the pores, respectively. In this study, two models were used
to simulate soil response. A linear elastic model was selected as a simple
model to analyse the effect of the mechanical response on the pore water
pressure evolution in slopes subjected to a drawdown. A more complex
elastoplastic constitutive soil model was used to analyse the Glen Shira
Dam. The Barcelona basic model (BBM, Alonso et al., 1990) was selected
as a proper constitutive model for simulating soil response in complete or
partial saturation. It is a critical state model defined in terms of the net stress
(the total stress in excess of the air pressure) and suction (the difference
between the pore water pressure and air pressure), which can simulate the
dependence of the stiffness and strength on suction and collapse (the soil
deformation at a constant stress due to the reduction in suction). Further
details on unsaturated soils will be provided in Appendix A.

The retention curve has been defined by means of a Van Genuchten (1980)
model. In the model, the parameters Po and A control the air entry value and
the shape of the retention curve, respectively. The maximum and minimum
degrees of saturation, Srmax and Smin, were assumed to be respectively 1

31



Chapter 2 State-of-the-art on earth dam static and dynamic modelling

and 0. The relative permeability (krel) varied with the degree of saturation
(Sy), following a cubic law (krel = ksat = Si°, with a constant saturated
permeability for each soil considered).

The first example presented by Alonso et al. (2009, 2016) is a slope,
initially fully submerged, then emptied with a realistic drawdown rate of
0.5 m/g. The authors show how the hypothesized stiffness of the soil and
the analysis approach affect the evolution of pore water pressures
calculated after the instantaneous drawdown. Considering the point Ps
(Figure 2-20), in the case of a rigid soil, no immediate effect of the
drawdown occurs, as expected. In the coupled analysis, the instantaneous
pore water pressure drops in relation to the compressibility of the soil
skeleton.
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Figure 2-20. Geometry of the slope (Alonso et al., 2016).

The stiffer the soil is, the lower the stress-induced change in the pore water
pressure will be (Figure 2-21). Immediately after the drawdown, a
dissipation process begins. The rate of pore water pressure dissipation is
controlled not only by the initial conditions after the drawdown, but also
by the permeability and stiffness of the soil. In an uncoupled analysis, the
calculated dissipation rates are higher, because of the implicit assumption
of an infinitely rigid soil. Eventually, all cases result in the same long term
solution. The coupled analysis leads systematically to lower pore water
pressures than the uncoupled (pure flow) analysis during the initial stage of
dissipation. This is due to the effect of the initial state after the drawdown,
controlled by the change in stress. However, since pore water pressures
dissipate faster for a stiffer soil, this situation changes after some time, and
pore water pressures recorded may also achieve the same value at some
particular time (pore pressure patterns in Figure 2-21 may cross),
depending on the position of the point in the slope.
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Figure 2-21. Pore water pressure evolution after instantaneous drawdown at point Pg (Alonso et
al., 2016).

The pure flow analysis is a conservative approach in terms of slope safety
against failure. Anyway, it is important to note that the unrealistic
uncoupled analysis leads to a lower pore pressure prediction in the long
term. This is a result of the implicit assumption of infinite skeleton stiffness
in the uncoupled calculation, leading to higher dissipation rates than the
coupled analysis depending on the water retention curve and the relative
permeability law adopted in calculations.
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Rockfill

Blinded rock spoil
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Figure 2-22. Maximum cross-section of Glen Shira Dam (Alonso et al., 2016).

In the Glen Shira Dam case study, the dam was expected to experience fast
drawdown rates because the reservoir level change followed a pumping
storage scheme. Several calculations under saturation and unsaturation
conditions were performed with the following hypotheses:

e apure flow analysis, in which the soils were considered rigid (Case

1);
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e an instantaneous drawdown at the maximum intensity, followed by
pore water pressure dissipation, with the soils simulated as elastic
materials (Case 2);

e acoupled analysis, in which the soils were considered elastic (Case
3);

e acoupled analysis, in which the soils were considered elastoplastic
according to the BBM model (Case 4).

In order to measure the pore water pressure distribution inside the upstream
shell for comparison with the computed distributions, five piezometers
were placed as shown in Figure 2-22.

This case study shows that the classical analysis methods cannot catch the
recorded behaviour. The method of instantaneous drawdown (Case 2) or
undrained analysis is conservative, but very unrealistic. At the opposite
extreme, the pure flow analysis (Case 1) leads to a systematic and unsafe
underestimation of pore water pressures during the drawdown. Coupled
analysis captures the actual measurements well. In the case of the Glen
Shira Dam, plastic strain during the drawdown was probably null, and the
simpler elastic approach provided a good approximation of recorded pore
water pressures (Figure 2-23).

The literature studies have highlighted the importance of the analysis
assumptions made in the evaluation of the slopes stability due to RDD.
Coupled transient seepage and deformation analysis performed by
continuous approaches provide a better fit with slope response.

With the exception of Alonso et al. (2009, 2016), most of the literature
studies investigated the RRD effects on earth slopes assuming completely
dry or saturated the soil above and below the phreatic surface, respectively.
In the analysis performed in this thesis a 2-phase approach was adopted
until the start of the drawdown stage. By then, a 3-phase approach was
selected.
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Figure 2-23. Comparison of measured pore water pressures obtained from different piezometers
and calculated results in different cases (Alonso et al., 2016).

35



Chapter 2 State-of-the-art on earth dam static and dynamic modelling

2.2. SEISMIC RESPONSE

The increased concern developed in recent years on the seismic risk
associated to dams and the enhancement of the seismic hazard studies have
highlighted the need to evaluate or to re-evaluate the seismic safety of many
existing dams, which do not meet the safety criteria required by the current
seismic regulations. Many earth dams built in the early twentieth century
were indeed designed adopting a rough assessment of the seismicity of the
site, which often is underestimated compared to the actual knowledge. To
the frequent underestimation of the site seismicity shall be also added the
low awareness designers had in the past with regard to earthquake
vulnerability of earth dams. The latter ones were preferred to other
constructive typologies where the seismic hazard at the dam site was
considered high, without accompanying that choice with an appropriate
mechanical characterization of the construction materials and/or by an
adequate construction technique.

For existing dams such assessment is not simple because it raises a number
of problems related to the absence of an “ad hoc” methodology for the
seismic assessment and the uncertainties linked to the actual state of the
dam. Sometimes it is difficult to find both the original projects, with details
on the geotechnical investigation carried out on soils, and the “state of fact
of the dam” at the end of construction, which may be different compared
to the original project.

Today a number of analysis methods exist, which can be used for the
evaluation of the seismic response of earth dams. These methods fall into
several categories according to the main objectives of the analysis, such as
the assessment of:

- dam stability, or
- permanent displacements of the dam body, or
- overall dynamic response of the dam.

According to the analysis objectives, a complete framework of the
available procedures is provided in Table 2-3 (Sica, 2003).
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Class Main Features Input data Output data
Dam geometry (2-
D) Safety factor with
Pseudostatic Global stability analysis assuming the Soil strength respect to global
approaches soil as a rigid-plastic material parameters instability
Site seismic mechanisms
category
. . Dam geometry
Newmark Input motion given Soil strength
by an
method parameters
accelerogram
Input accelerogram
Dam geometry Permanent
n8 displacement related
Soil strength o
Simplified Input motion given rameter: to assumed sliding
Camamie | Newmarke | PR ERERE |k round mechanism
derived method Y grov
approaches accelerogram acceleration
Peak ground
velocity
Uniform shear Dam Ageolmetry - Ac-celeratlon
Shear Beam . Constitutive law Time history of shear
strain across the . . .
approach dam (linear elastic) stresses and strain
Input accelerogram across the dam
Dam geometry (2-D Acceleration
or 3-D) Permanent
1-phase approach Constitutive law (1- displacements (if
phase material) advanced constitutive
Input accelerogram | law are implemented)
Geometry (2-D or 3-
. ].)) Acceleration
Constitutive law (1-
2-phase approach . Excess pore water
. phase material)
Soil assumed as and excess pore . . pressures
. . Relationship . S
Dynamic a continuum and water pressure between fotal Indirect estimation of
approaches deforrpable model stresses and excess [permanent
medium displacements
pore water pressures
Input accelerogram
Geomet3r?fD()2 -Dand Acceleration
. Permanent
Advanced soil .
Coupled advanced . displacements
Constitutive law
approach - - Excess pore water
Soil permeability,
pressures

Sr0
Input accelerogram

Post seismic effects

Table 2-3. Available approaches to study the dynamic behaviour of earth dams (Sica S., 2003).

With regard to the approaches which can be used for the seismic assessment
of earth dams, the Italian technical legislation (DM 14.01.2008, §7.11.4)
allows to assess the behaviour of embankments under seismic conditions
by the same methods used for natural slopes (§7.11.3.5.2), that is:

e pseudo-static analyses;
e simplified dynamic analyses to assess deformations;

e dynamic analyses.
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2.2.1 ANALYSIS METHODS

The approaches developed to analyse the seismic behaviour of geotechnical
systems can be classified on several bases:

e geometry assigned to the soil-structure system (1-D, 2-D, 3-D);

e constitutive model describing the material stress-strain response
(i.e. linear elastic, non linear elastic, elastoplastic with or without
hardening);

e modelling of the interaction phenomena among different phases
(soil, water and air);

e seismic loads description (i.e. peak ground acceleration, response
spectrum, acceleration time history).

In the following paragraphs, the three main classes of methods will be
analysed.

2.2.1.1. Pseudo-static method

In the early stages of geotechnical earthquake engineering, the standard
seismic method for earth dams (Terzaghi, 1950) was based on the
simplified assumption that dams were absolutely rigid bodies fixed on
their foundation and, thus, experiencing a uniform acceleration equal to
the base ground acceleration.

Figure 2-24. Pseudo static approach: forces acting on a rigid wedge sliding on a plan
surface (Terzaghi, 1950).

In the pseudo-static approach the earthquake is modelled as a horizontal
and vertical static force, applied in the centre of gravity of a potential
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sliding mass (Figure 2-24). The pseudo-static force is given by the
product of the weight W of the unstable mass by a dimensionless
coefficient kn (or kv), defined seismic coefficient.

Once introduced the equivalent static forces through the following

relations:
a, W
Fy=———=k,-W (2.4)
g
W
F=2""Cp.w 2.5)
4

the seismic analysis consists in a slope stability assessment by limit
equilibrium methods (Bishop, 1955; Janbu, 1957; Morgenstern &
Price, 1965 etc.).

The basic idea of this method is that equilibrium calculations are carried
out in a similar way as for the static problem, but with the addition of
the inertial loads (Fn and Fv) caused by the earthquake.

One potential drawback of this procedure is that the inertial forces do
not act permanently and in one direction but rather fluctuate rapidly in
both magnitude and direction; thus, even if the factor of safety drops
momentarily below unity, the slope would not necessarily experience
an instability but might merely undergo some permanent deformations
(displacements).

Earth embankments rarely behave as rigid bodies. In order to take into
account the amplification of the seismic motion from the base to the
dam crest, Ambraseys (1960) analysed the response of dams with
different geometries assuming a viscoelastic behaviour of soil. As a
result of such analysis, correlations between the dam height and the
seismic coefficient were provided (Figure 2-25).
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Figure 2-25. Variation of the seismic coefficient k with dam’s height (Ambraseys N., 1960).

Seed and Martin (1966) suggested a new method to predict seismic
forces and their variation with time. They investigated the viscoelastic
response of a dam idealized as an infinitely long triangular cross-
section with uniform and homogenous material properties under El
Centro earthquake accelerations. Assuming triangular wedge-shaped
sliding masses, an average seismic coefficient, kav was defined for the
trial wedge as:

1 ..
b = Somly)-i, (1) .6

where W is the weight of the sliding mass, m is the mass of