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ABSTRACT
The analysis of dam behaviour is an important issue within engineering practice. It is
important to carry out a good interpretation of the data related to dams, whose
materials should be characterized as well as their behavior in the dam. In this way,
their behaviour can be properly understood and used in the future dam design and
construction. Likewise, it is very important to conduct a thorough study of the factors
affecting the behaviour of embankment dams, because it has to be ensured their
integrity to avoid any catastrophe.
In this Thesis, an earth and rockfill dam (Saint-Marguerite 3 dam), built in Quebec
(Canada) between 1996 and 1998, is analyzed. This dam is 160 m. high, the highest
one in Quebec of its category (impervious central till core and rockfill shoulders dam).
The dam was instrumented during its construction and 8 years after, period that
includes the impoundment of the reservoir until reaching the maximum water level.
This Thesis presents the interpretation and a numerical analysis of the dam by the
finite element method. The numerical analysis is carried out by means of the program
Code-Bright, a finite element code for unsaturated-saturated deformable porous media.
The rockfill material behaviour has been described in the calculation by means of the
Rockfill Model (Oldecop, L. A. & Alonso, E. E., 2001), and for the till material the
Barcelona Basic Model (BBM) (Alonso, E. E., Gens, A. & Josa, A., 1990) has been
used. Both models are implemented in Code-Bright.
Starting from the data available and laboratory tests, which were performed on the
materials forming the dam, the calibration of the parameters was carried out. Once the
parameters were estimated, the construction, impoundment and operation of the dam
were modeled. The calculated results are discussed and compared with field
measurements in terms of displacements of the upstream and downstream rockfill
shells. Finally, there were exposed the conclusions that have been drawn from the
overall study.
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CHAPTER 1. INTRODUCTION
1.1.

THESIS OBJECTIVES

This Thesis deals with the study of the behaviour of a dam with impervious till core and
rockfill shoulders. Thanks to the collaboration between the UPC and Laval University,
there has been access to a real case, the SM-3 dam, Quebec, Canada.
The main objectives of the present thesis are the interpretation of the available data
and the numerical analysis of the dam. For this purpose it has been carried out the
calibration of the materials parameters, by simulating the corresponding tests, so that
the modelling of the dam can be carried out in a more rigorous way. Finally, the results
obtained are compared with the data available, and the conclusions drawn from the
study are explained.
The numerical analysis has been developed by means of the program Code-Bright,
developed at the Geotechnical Engineering Department of the UPC. It is a finite
element code for saturated-unsaturated deformable porous media based on Fortran
which allows to carry on Thermo-Hydro-Mechanical coupled analysis. The code has
implemented, among others, the BBM and the ROCKFILL constitutive models, which
will permit to study the behaviour of the core and shoulders materials respectively.
Even if the dam has a pronounced 3D nature, the developed analysis has been carried
out in 2D and in an elastoplastic framework. In further researches the analysis can be
extended to the 3D.

1.2.

THESIS CONTENT

The thesis is composed by different chapters, references and appendices as well. The
following is a list of all of them:
-

Chapter 1. Introduction
Chapter 2. Laboratory and field data
Chapter 3. Calibration of materials parameters
Chapter 4. Dam modelling
Chapter 5. Results
Chapter 6. Conclusions
Chapter 7. References
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1.3.

BACKGROUND

1.3.1. CASE DESCRIPTION
The Saint-Marguérite 3 dam, SM-3 dam, is constructed in Quebec, Canada. It is part of
the SM-3 hydroelectric development located on the Saint-Marguerite River, west of the
Sept-Iles region. Fig.1 shows the geographical location of the dam.

Fig. 1. Geographical location SM-3 dam, Québec, Canada

In the Fig. 2 there can be observed an elevation view of the dam, with its main
dimensions. The dam has 160 m. height, 378 m. long, and the maximum cross section
corresponds to section BB’, the study section (Fig.3).

Fig. 2 Elevation view
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The crest of the dam has 10 m. length and its elevation is 410 m. The maximum water
level reached is 407 m.
The external slope of the shell upstream is between 1.75H and 1.6H:1V. In the case of
the slope downstream, it is between 1.65H and 1.5H:1V.

Fig. 3 Plan view with the central section BB’

Fig. 4 shows the maximum cross section BB’, which corresponds to the section PM
1+235, with the different materials forming the dam and the location of the various
instrumentation.
The section is formed by the following zones:
-

-

The central till core (zone 1), whose function is to make an impermeable barrier
so that the integrity of dam is ensured.
The intermediate filters and transition (zones 2A, and 3A and 3B), whose
function are to avoid particles migration from the core due to water flow and to
make a transition between different grain sizes distributions respectively.
The inner and outer rockfill shells (zones 3C and 3D), whose function is to
protect the core and ensure the dam resistance.

The valley where the dam is located has a top layer of impervious rock material of
about 20 meters thick. The foundation of the overall dam can be divided in two areas:
the one corresponding to the central and intermediate zones and the other
corresponding to the inner and outer shells. For the first one, the materials have been
excavated and a bituminous layer has been spread, in order to give continuity to the
impervious barrier that constitutes the central core. The inner and outer shells are lying
directly on the impervious rock material.
There is a zone located in the upstream shell, more precisely in the intermediate outer
rockfill, coloured in green in Fig. 4. It is weaker than the rest of the rockfill. This material
could also have a negative influence on the dam behaviour due to its lower strength
and stiffness. The relevance of that possible influence can be analyzed in further
researches as well.
3

Fig. 4 Maximum cross section BB’

It is worth noting that, during the compaction process, the rockfill material was placed
without sluicing. This factor will be relevant on the dam behaviour as it will be shown
later. If the material is wetted during compaction, the collapse of the rockfill is avoided.
The dam has more than 200 instruments for measurements: piezometers, pressure
cells, inclinometers, thermometers, settlement measurement instruments, survey points
and spillway gauging. They are mainly located in three sections; one of those is the
study section BB’.
The construction of the dam has been carried out in a traditional manner. Depending
on the zones, there have been different maximum thicknesses of construction lifts
according to the grain size distribution of each zone. In the case of the filters and
transition, the maximum thickness is of 450 mm. The inner rockfill shell has a value of
900 mm., and the outer one, the maximum thickness of the lifts is 1800 mm. Fig. 5
shows the section BB’ with the different construction lifts and the years when they were
constructed.

Fig. 5 Construction steps
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The construction of the dam started in April 1996 and ended in August 1998. It has
been interrupted during the two intermediate winters due to the climatic conditions. The
water impoundment started in April 1998, reaching the level of 406.7 m. in November
2002. Between this time and June 2009 the water level decreased discontinuously until
402 m. It is worth noting that the first 15 m. of the dam (elevation 270 m.) were
saturated almost from the beginning (May 1997). Although the interruptions in the dam
construction during the winters, the water level continues rising, always below of the
dam level.

415
395
Reservoir level - On site

Elevation (m)

375

Fill level - On site

355

First 15 m
flooded during
their
construction

335
315
295
275
255
ene-96

ene-98

ene-00

ene-02

ene-04

ene-06

ene-08

Date
Fig. 6 Chronology of the construction, impoundment and operation of the dam

The construction of the dam and the water impoundment did not follow parallel lines, as
can be seen in Fig. 6. However, the first 15 m. of the dam were flooded just after their
construction.
Even if it is a recent dam, there has been observed the materials collapse; a volumetric
reduction of the materials due to an increase of the water content and under certain
vertical stress condition. This type of phenomenon is not usual in this region, due to its
climatic conditions (rainfalls, snow).
Since December 1998 there have been registered differential settlements in the
inclinometers, both in the upstream and downstream. There have also been sectioned
many cables of different instrumentation.
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Fig.7 Observation of cracks on crest

In 1999 cracks appeared on crest, progressing towards the downstream edge, as can
be seen on Fig. 7. This figure shows different views of the crack on the crest of the
dam, giving an idea of the dimension of the damage. For this reason and in order to
repair the damages, the dam has been backfilled in 2000 and in 2001 too. In 2002 an
inspection trench was carried out, measuring 900 mm. differential settlements on the
top of the core and 100 mm. width cracks on crest. Some of the installed inclinometers
were sectioned due to the differential settlements and for this reason they have been
substituted.

Fig.8 Repair of inclinometers

Considering the instrumentation cables sectioning and the settlements measured
(Fig.8), there has been estimated the existence of a possible shear plane in the core of
the dam (Fig.9). Taking into account the position of the damage on the instrumentation
and the maximum extent of the observed cracks there has been considered the shear
plane drawn in blue on the figure.

Fig. 9 Representation of a shear plane in the core
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The first analysis that can be done after this situation is that the big settlements
occurred due to water impoundment. The contacts between the different rockfill
particles suffer damages that are increased in the presence of water. The effect of
relative humidity must be taken into account in this type of dams, as will be explained
later on.

1.3.2. CONSTITUTIVE MODELS DESCRIPTION (BBM AND ROCKFILL)
In the present thesis, the study of the materials behaviour is carried out by means of
two main constitutive models: the BBM (Alonso, E. E., Gens, A. & Josa, A., 1990) and
the ROCKFILL (Oldecop, L. A. & Alonso, E. E. 2001) models. These are two
constitutive models developed at the Geotechnical Engineering Department of the
UPC, which are implemented on Code-Bright.
The first one will allow the study of the core, filters and transition behaviour. The
second one is related to the rockfill compressibility.
Now, there are going to be briefly explained each one of the models.
BBM (Barcelona Basic Model)
The BBM is a “constitutive model for describing the stress-strain behavior of partially
saturated soils” (Alonso et al., 1990). It allows the study of the behaviour of partially
saturated soils in a consistent and unified manner, but it is also a conventional critical
state model under saturation conditions.
The model is based on the hardening plasticity and it uses two set of stress variables:
the net stress, defined as the excess of total stress over air pressure, and the suction,
defined as the difference between air pressure and water pressure. The relation of
stress and strain allows relating changes in suction and net stress with the soil
deformations. The use of these two stress variables also helps to define the volumetric
behaviour of the soil in a three dimensional space (e, σ’’, s).
The variable suction has an important role in this model; it increases the soil stiffness
when the suction increases. When it decreases due to wetting, a collapse will take
place if the soil has an open structure. The amount of collapse will depend on the
confining stress intensity. This collapse reaches a maximum value as the confining
stress increases; then, the collapse will decrease. At the end of the wetting process,
the sample will follow a typical stress-strain path related to a saturated sample in a
compression test.
Depending on the confining stress, the sample will expand (low confining stress) or
collapse (high confining stress) during wetting. The volumetric behaviour of the soil will
depend on the initial and final states of the sample, as well as the path followed.
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Fig. 10 Compression curves for saturated and unsaturated soil

On Fig. 10 there are shown the compression curves for saturated and unsaturated soil,
where pc is the reference stress state, p0* is the saturated preconsolidation stress, λ(s)
is the stiffness parameter for changes in net mean stress for virgin states of the soil, κ
is the elastic compressibility for saturated conditions and λ(0) is the virgin
compressibility for saturated conditions.
In the case of isotropic stress states, the model defines two yield curves, the LC
(loading-collapse) and the SI (suction increase). Their corresponding hardening laws
are controlled by the plastic volumetric deformation. These yield curves become yield
surfaces when introducing a third axis corresponding to the shear stress. Under these
conditions the soil behaviour is supposed to be elastic, and the unloading-reloading
path will be given by the equation:
dν = - κ dp/p

(1)

The next equation shows the relationship between p0 and s as a function of (p0*, pc):
N(s) - λ(s) ln

+ κ ln

+ κs ln

= N(0) - λ(0) ln

Fig. 11 Three dimensional view of the yield sufaces in (p, q, s) stress space
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(2)

The model is defined for triaxial stress states as shown on Fig. 11, There can be
observed a three dimensional view of the yield surfaces in (p, q, s) stress space, where
the increase of the yield surface is related to an increase of suction.
ROCKFILL COMPRESSIBILITY MODEL
The constitutive model for rockfill compressibility (Oldecop, L. A. & Alonso, E. E. 2001)
is a very interesting model that takes into account the effect of relative humidity (RH)
on the rockfill behaviour. It introduces a new approach, considering the influence of the
RH of the air within the rockfill pores, describing its effect on the particles breakage and
the cracks propagation mechanisms.
For the development of the model there have been performed oedometer tests with RH
control. One of the most important evidences showed by this model is that the collapse
strain observed on a rockfill sample with 100% RH is the same that the one observed
on a totally flooded specimen.
The model proposes that the volumetric deformation mechanisms of the rockfill are
based on the fracture propagation mechanisms. These mechanisms depend on contact
stresses between rock particles and the water content as well. In this way, the
dependence on time, RH and stress states of the volumetric deformations and the
collapse observed on the rockfill would be explained. These deformations are defined
in an elastoplastic framework. Likewise, the model focuses on the volumetric
deformations instead of the deviatoric ones.
It is supposed that the rockfill material has two set of voids: the rockfill voids, which are
the large interparticle voids, and the rock pores, which are the small pores within the
rock particles.
The results of the tests performed for the development of the model show that the
material stiffens with suction increase. It is also observed that the effect of the material
wetting depends on the confining stress; if it is low, there will take place a swelling
deformation of the material. This means that the collapse will occur under certain
confining stress values.
Another interesting point is the distinction drawn by the model between instantaneous
deformation and deformation on time. It has been observed that the instantaneous
deformations are higher than the deformations differed on time under low confining
stresses. The deformation differed on time will reach a higher value if the water content
is high enough.
The model defines two stages of behaviour. Firstly, the particle rearrangement, where
the instantaneous deformation mechanisms take place, and secondly, the clastic
yielding, where instantaneous and time dependent deformation mechanisms occur.
Fig. 12 shows the stress paths considered to derive the yield surface. The parameter σy
is the clastic yield stress that marks the onset of particle breakage. The parameter
is selected as the hardening parameter and corresponds to the yield stress of the dry
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state of the rockfill. Depending on the stress applied the yield surface will be defined by
different equations. If σ > σy the equation for the yield surface will be:
(
In case of σ

)

[

( )

( )

]

(

)

(3)

σy the equation will be given by:
(

)

(4)

Considering two identical samples of rockfill material there can be described the two
paths shown in Fig. 12 and Fig. 13. Starting from a very dry state (point O), there can
be followed the path OABDC and the path OC. The final point C and the point B
correspond to the same yield surface, given by the equation (3).

Fig. 12 Stress paths considered to derive the yield surface

Fig. 13 Idealized model response

Fig. 13 shows the idealized model response of the rockfill. Starting from point O the
sample can be wetted (point A), causing a moderate swelling. Then, the sample is
loaded until reaching point B. As has been mentioned, if point B and C correspond to
10

the same yield surface there could be possible to take the sample from point B to C
following a virtual elastic path. In the same figure, there can observed some
parameters related to the model. I represents the normal compressibility index when
only the instantaneous deformation mechanisms occur. (I +d) corresponds to the
normal compressibility index when the instantaneous and the time dependent
deformation mechanisms take place.
It has been proved that the rockfill collapses predicted by the model agree in a
satisfactory way with the collapses observed in dams and embankments due to rainfall,
water impoundment and similar environmental actions.
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CHAPTER 2. AVAILABLE DATA
Thanks to the collaboration between the Geotechnical Engineering Department of the
UPC and Laval University there has been access to the information related to the
construction, impoundment and operation of the dam. It is important to have
information about the dam, both field data and laboratory tests, when an analysis, like
the present one, is going to be made, as the study of the behavior of this dam can be
performed more accurately.
For that purpose, the available field data has been interpreted and a numerical analysis
of the dam has been done.
This chapter presents the available information related to the dam into two parts: first,
field data is treated, discussing and analyzing the information provided, and secondly
the laboratory tests conducted, which data are available, are described.

2.1.

FIELD DATA

As already mentioned in the description of the case, the dam SM-3 was monitored from
the beginning of its construction. Various instruments were placed in the dam, and data
were collected during a period that includes the construction, filling of the reservoir and
its subsequent operation. This fact has allowed disposing the information needed to
make this analysis more accurately.
The instrumentation placed in the dam is concentrated in three sections, one of which
is the study section BB '. Furthermore, instruments were placed around the body of the
dam. Thus, in sections where the instruments are so concentrated, correlations can be
made between the data obtained in order to correctly interpret the information provided
by the measurements. And disposing of measures throughout all the dam body, its
general behavior can be better understood.
The instruments placed in the dam are: inclinometers, extensometers, pressure cells,
piezometers and observation points.
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Fig. 14 Plan view of the location of the survey points and the inclinometers on the dam

Fig. 14 shows the situation of both the observation points and the inclinometers placed
on the dam. There is information related to all the instrumentation placed in the dam,
but in this case, only the data on the inclinometers installed in the study section BB
'INB-1 and INB-5 was accessible. Similarly, there is information corresponding to the
observation points on the surface of the dam, both from its crest and from the
downstream shoulder. In future research, information from the piezometers, pressure
cells and the rest of inclinometers could be requested and accessed, so the model
developed in this Thesis could be extended considering new data, obtaining more
accurate results.
The information provided by the observation points is of great interest, since, as
discussed above, the dam has a strong 3D behaviour. Although the present study the
analysis was carried out in 2D, this data will be relevant when extending the model to
3D.
There are different measurements recorded at these points: displacements of the
points upstream, downstream and towards the river banks, as well as their seats.
Measurements of differential settlements recorded at points located on the crest of the
dam are also available.
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Fig. 15 Displacements measured on the upstream survey points BO-23 to BO-33and
downstream survey points BO-12 to BO-22 in different dates

Fig. 15 shows the displacement recorded in the observation points situated on the crest
of the dam; the image at the left side shows the displacements corresponding to the
point upstream and the one at the right side shows the displacements corresponding to
the points downstream. It can be seen how the set of the dam is displaced
downstream, while the points at the upstream extremes move slightly upstream. All
measurements were made after the construction of the dam, but the filling phase of the
dam was not completed until 2002 approximately. The first measurement was
performed during filling of the reservoir, so the measured displacement is not
important. Subsequent measures were taken from year 2002, when the reservoir level
was already at its maximum level. It can be seen that the displacements recorded
thereafter are much higher than those recorded before, due to the thrust exerted by the
water.
The deformation suffered by the crest of the dam can be observed on Fig. 16.
Measurements correspond to the observation points located in this area from the year
2011. The original position of the crest is observed as well as the deformation suffered
after completion of construction. At upstream points the seat has been greater than in
the downstream zone. This indicates that the breakwater has suffered collapse
phenomena, both in upstream and downstream shoulders. The collapse of the
upstream region was slightly higher, due to the effect of the reservoir filling, resulting in
its material wetting. But the downstream area has also suffered collapse because it has
been exposed to environmental conditions of humidity, rain, snow, etc.., which in
contact with the material, have led it to collapse. This indicates that it is not necessary
to flood the material to this phenomenon could take place; it is enough with the relative
humidity becoming maximum to observe this phenomenon.
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Fig. 16 Core top level

As mentioned before, apart from the diagrams shown here, there is additional available
information related to the measurements registered on the survey points. In the case of
future projects it can be interesting to look up and analyze these data.

Fig. 17 Section BB’ with the location of the various instrumentation

Now, we are going to analyze the available data related to the inclinometers. The
information provided are the displacements that the dam has experienced during its
construction and impoundment. On Fig. 17 there can be seen the different instruments
placed on the study section BB’. The analysis will focus on the instruments INB-1 and
INB-5 whose data have been provided for the present Thesis. The instruments installed
are able to measure the deformation along its axis and the inclination with respect to
the original position. So, displacements in the direction parallel and perpendicular to
the axis can be measured. In each point there have been placed two inclinometers:
one is the inductance instrument and the other one corresponds to the USBR
apparatus. The inductance probe measures in an electric manner and the USBR
instrument does a mechanical measurement. For this study there have been
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considered the USBR inclinometer measurements, but both data (inductance and
USBR) are shown here.
The location of the two apparatus within the dam is presented on Fig. 18. There are
also indicated three points at each one of the inclinometers, corresponding to the
bottom, middle and top points.

Fig. 18 BB’ section with the INB-1 and INB-5 inclinometers location and the corresponding
bottom, middle and top points

Fig. 19 Settlement profile during construction INB-1, inductance and USBR measurements

The settlement profiles measured during the dam construction and partial
impoundment with the inductance and the USBR inclinometers corresponding to the
INB-1, located on the upstream rockfill shell are shown on Fig. 19. The blue line means
that this area is in contact with the reservoir. Focusing on the USBR measurements, it
can be observed that the settlement increases uniformly before water impoundment
due to the dam construction. When the water level is higher the material is wetted and
the settlement increase is more pronounced. The material is partially collapsed then.
The total settlement measured is 1500 mm. This gives us an idea of the compressibility
16

of the rockfill located on the lower part of the dam. Considering that it is 160 m high, the
settlement measured is an average value for the compressibility of rockfill materials.
Let us move now to the settlements measured during construction in the INB-5. This
inclinometer is placed on the downstream shell. Fig. 20 corresponds to the
measurements registered with both the inductance and the USBR probes. As it has
been done with the INB-1, the study focuses on the USBR measurements. In this case,
the total settlement measured at this point is about 950 mm. This value is lower than
the settlement measured in the INB-1, but it has to be considered that the point
corresponding to the INB-5 has less elevation than the one related to the INB-1.

Fig. 20 Settlement profile during construction INB-5, inductance and USBR measurements

Fig. 21 shows the settlement measured after construction in the INB-1 and INB-5. The
measurements start at the end of the dam construction, in 1998, and finish during the
operation period, in 2008. This settlement that takes place in time is more important
than the settlement due to the dam construction because the second one can be
absorbed, but the settlement occurred in time can have negative consequences on the
dam behaviour and integrity.
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Fig. 21 Settlement profile after construction INB-1 and INB-5

In the case of the INB-1 the settlement measured after construction is 700 mm. and for
the INB-5 the settlement is about 500 mm. Taking into account that these
measurements correspond to a period of 10 years they can be considered as average
values. It is interesting to compare the two diagrams; the downstream shell has a
uniform deformation on time, but the upstream shell measurements look completely
different. The bottom of the INB-1 has no relevant increase of the settlement on time
because these points have previously collapsed due to water impoundment during the
dam construction. In the middle part of the shell the settlement increase is more abrupt
and the upper points settle together with the middle ones. The middle point
corresponds to an elevation of 340 m., which matches with the location of the bad
rockfill zone, located between the elevation 330 m and elevation 360 m. These
behaviour can be explained considering the existence of this weaker rockfill situation
on the upstream shell and also taking into account the water impoundment effects on
the rockfill compressibility.
The settlement after construction corresponding to the INB-1 measurements is due to
the partial collapse of the rockfill and the creep phenomenon. In the case of the
settlements on time related to the INB-5 are due to a progressive collapse of the rockfill
caused by the environmental conditions (rainfall, snow) and the creep too.
The collapse phenomenon takes place when the material is under a certain vertical
stress and its water content increases; it will undergo a volumetric reduction. The creep
phenomenon can be defined as the loss of cohesion over time.
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2.2.

LABORATORY TESTS

As has been mentioned before, the dam is composed by different zones with their
corresponding materials: a central impervious core formed by a typical glacial till from
northern Quebec, intermediate filters and transition zones upstream and downstream
formed by sand and gravel, and inner and outer shells upstream and downstream
formed by rockfill material.
It is worth noting that, except from the data related to the grain size distribution, the rest
of the laboratory test data corresponds to materials that are similar to the ones forming
the dam. However, it has been estimated that the laboratory tests presented here can
be adequate to analyze the materials properties and behaviour and to base on them
the corresponding calibration of the parameters.
The laboratory tests data can be classified according to the different materials as
following:






Core:
Grain size distribution
Compaction curves
Oedometer tests
Soil-water characteristic curves
Drained triaxial tests



Transition and filters:
Grain size distribution




Shells:
Grain size distribution
Oedometer tests

2.2.1. CORE
The central core is formed by a typical glacial till from northern Quebec. The grain size
distribution shows that it is a well graded material, with a maximum grain size of 30
mm. This till has an enclosed porous grain structure. Fig. 22 corresponds to the grain
size distribution of the SM-3 dam till.

19

Fig. 22 Grain size distribution of the SM-3 dam till

The impervious core is constructed and compacted under certain conditions. There
have been tested different samples with different densities and water contents. The
next figure shows the corresponding results. For the present study it has been
considered the H-06 specimen as the reference one, which optimum dry density and
water content can be observed on the left diagram of Fig. 23.

Fig. 23 Proctor compaction curves and oedometer tests performed on till specimens

The optimum dry density corresponds to 2135 kg/m3 and a water content of 7.5%. The
diagram on the right of Fig. 23 shows the different oedemeter tests results performed
on the several specimens, with the H-06 reference sample in red color.
The oedometer tests give information related to the compressibility of the material. The
behaviour of the till can be considered within the normal parameters of this type of
material.
There have also been carried out soil-water characteristic curves. Although there have
been performed different tests for the wetting and the drying paths, for the present
Thesis it has been considered an average curve to be used in the calibration of the
material parameters, represented on Fig. 24.
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Fig. 24 Soil-water characteristic curves

There have also been performed drained triaxial tests under different confining
stresses. The corresponding results are shown below. The confining stresses for the
testing have been: 0.1 MPa – 0.38 MPa – 1.5 MPa.
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Fig. 25 Drained triaxial tests under different confining pressures (0.1-0.38-1.5 MPa)

21

The curves resulting from the triaxial tests presented on Fig. 25 show that the material
has a clear contracting behaviour; this fact will favor the deformation of the till under
certain vertical stresses.

2.2.2. FILTERS AND TRANSITION
The filters and transition are formed by sand and gravel respectively. The grain size
distribution shown on Fig. 26 corresponds to the transition material of the upstream
zone of the SM-3 dam.

Fig. 26. Grain size distribution of the 3B upstream zone, transition

At the moment there is no information or data relating to this part of the dam. In any
case, the modelling of the dam has been carried out, since it is a limited area of the
dam whose behaviour is considered not having a relevant effect on the behaviour of
the entire dam.

2.2.3. SHOULDERS
The dam also has two rockfill shoulders formed by inner and outer shells. It is
composed of biotite and anorthosite. Biotite is characterized by its foliated structure.
This favors the appearance of many microcracks. It was known that the bottom of the
shoulders had a higher content of the upper biotite. This could also encourage the
development of deformations recorded in the field, both during construction and filling
and subsequent operation of the dam.
On Fig. 27 there are shown the grain size distributions corresponding to the inner and
outer rockfill. The maximum particle size are 900 mm and 1800 mm respectively.
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Fig. 27. Grain size distribution of the 3C and 3D zones, inner and outer rockfill

There were performed oedometer tests on different samples and under different
conditions. First, a sample of anorthosite was tested under conditions of saturation.
The result is shown in the left diagram of Fig. 28. The curve marked in red indicates the
interpretation that was made from the test result. On the recommendation of Professor
Konrad it has been considered this the curve describing the behaviour of the sample
during the test. This is because at the beginning of the test, the test head was blocked,
so it has been considered the red curve for subsequent calibration of the parameters
of the material.

Fig. 28 Oedometer test on anortosite sample under flooded and dry conditions

The right diagram of Fig. 28 shows the oedometric curve corresponding to the
anorthosite sample tested under conditions of partial saturation. Although the tests
were not performed with RH control, there has been access to the laboratory to
measure the humidity and thus to estimate the degree of saturation of the samples
during the tests.
Fig. 29 shows the particle size of the anorthosite at the beginning and end of study. It is
observed the breakage of the material when subjected to a certain vertical stress.
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Fig. 29 Initial and final grain size related to the oedometer test on anortosite sample

Likewise, there has been access to the results of triaxial tests modeled with the
program Plaxis and by means of the Duncan model (Duncan and Chang, 1970)
coupled with the Mohr-Coulomb model. These tests were modeled under different
confining stresses: 0.15 MPa – 0.3 MPa. The corresponding results are shown on Fig.
30.
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Fig. 30 Modeled triaxial test results on rockfill
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CHAPTER 3. CALIBRATION OF MATERIALS PARAMETERS
This chapter deals with the parameters of the materials forming the dam. As it has
been mentioned before, there has been access to data related to different laboratory
tests performed on materials similar to the ones forming the dam which have been
used for the calibration of the constitutive parameters.
To develop an accurate calibration of the parameters there have been simulated the
different tests on the Code-Bright program, and the obtained results have been used
for the modelling of the construction and impoundment of the dam. To model the tests
it has been simulated a sample of material in the program with the same dimensions as
the actual samples tested in the laboratory.
The constitutive models used for the studio of the behavior of materials are the BBM
and ROCKFILL model. The BBM has served as a basis for the analysis of the core
material as well as the filters and the transition zone. The ROCKFILL model has
allowed the study of the rockfill behaviour.
The chapter is distributed in three main sections corresponding to the different parts of
the dam: core, transition and filters, and shoulders.

3.4.

CORE

The core is formed by till material. This type of material is a mixture of rock fragments
of different grain sizes deposited directly. It is characterized by its low compressibility,
high shear strength, and relatively low hydraulic conductivity. The till used in the dam
construction is the typical glacial till from northern Quebec, with a clay size content of
between 2 and 15% for the less than 5 mm fraction (Y. Watabe et al., 2000).
It has been observed the influence of the compaction degree of saturation on its
hydraulic conductivity (M. Smith and J.-M. Konrad, 2011).
The laboratory tests that have been used for the calibration of the till parameters are:
-

Oedometer tests on sample H-06 (saturated) (Y. Watabe et al., 2000)
Triaxial drained tests under confining stresses of 0.1-0.38-1.5 MPa respectively
(J. J. Paré et al., 1984),
Water retention curve (Y. Watabe et al., 2000)

They have been simulated the following tests:
-

Oedometer test saturated
Drained triaxial tests at confining stresses of 0.1-0.38-1.5 MPa

The sizes of the specimens are the following:
-

Oedometer tests: ø = 10 cm., h = 3 cm.
Triaxial tests: ø 15 cm h = 30 cm.

The results of the oedometer tests performed on the laboratory and by means of the
model are shown on Fig. 31.
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Fig. 31 Oedometer tests on till samples. Laboratory vs. model results

The oedometer test has allowed calibrating the parameters of compressibility of the till.
These parameters are the virgin compressibility for saturated conditions (0), the
elastic compressibility for saturated conditions . The other parameters considered in
the BBM model have been estimated due to the lack of tests available that allow
calculating the effect of suction on the compressibility of the material. However, this
effect has been considered low, as shown in Fig. 32, due to the high density of the
material.

Fig. 32 Effect of suction on the compressibility

The results of the modeled triaxial tests are plotted with the laboratory test results on
Fig. 33.
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Fig. 33 Drained triaxial test under different confining pressures (0.1-0.38-1.5 MPa). Laboratory
vs. model results

The triaxial test allows the calibration of the strength parameters of the material (M). It
can be observed that the model captures the behaviour of the till. In the case of lower
confining pressure, the volumetric strain obtained is greater than that resulting from the
test in the laboratory. But for the case of the confining pressure equal to 1.5 MPa that
difference decreases. This indicates that under significant confining pressures the
model fits quite well to the reality.
Likewise, it has to be mentioned that the contracting behaviour of the material has
been correctly captured by the model. Future research may further improve the model
to get more accurate reproduction of the behavior of the till.
The hydraulic parameters related to the retaining capacity of the till have been
calculated by means of the Van Genuchten model, calibrated with the water retention
curve represented in Fig. 24.
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The equation that relates the effective degree of saturation with the suction is:
Se =

–
–

=

(

–

)

)

; P = P0

(6)

The permeability is an important hydraulic parameter in this type of dams. There has
been access to data related to tests performed on till samples to determine their
hydraulic conductivity using geostatistical analysis of construction control data (Smith,
M. & Konrad, J.-M., 2011). Taking into account the information gathered on this paper
the estimation of the permeability has been done.

3.5.

TRANSITION AND FILTERS

The filters and transition zones are formed by sand, gravel and rockfill particles with
less than 450 mm of grain size. There are grain size distribution data as has been
shown in the previous chapter. Due to the lack of available laboratory test data to
calibrate the transition and filters parameters, they have been considered as a unique
material in the modelling of the dam. Likewise, se ha considerado como un único
material a la hora de modelar la presa. Asimismo, to carry on the parameters
calibration, it has been considered a material similar to the till, but increasing its
strength and stiffness in 20%. Porosity also varies with respect to the till material.

3.6.

SHOULDERS

The rockfill shoulders are formed by the inner and outer rockfill zones which particles
have a maximum grain size between 900 mm and 1800 mm respectively. Apart from
the grain size distribution data, there are also available laboratory test and modeled
test data. The laboratory test data correspond to oedometer tests carried out under
flooded and dry conditions. On the other hand, the modeled test data is related to
triaxial tests at confining stresses of 0.15-0.3 MPa.
They have been simulated the following tests:
-

Oedometer test saturated (Sr=100%)
Oedometer test dry (Sr=30%) with a suction of 0.07 MPa
Triaxial drained test at confining stresses of 0.15 MPa

The sizes of the specimens are the following:
-

Oedometer tests: ø = 30 cm., h = 20 cm.
Triaxial tests: ø = 15 cm., h = 30 cm.

Fig. 34 shows the results of the oedometer tests performed on the laboratory and by
means of the model.
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Fig. 34 Oedometer tests on rockfill samples. Laboratory vs. model results

As for the case of the till, the edometric tests have allowed the calibration of the
compressibility parameters of the rockfill. These parameters are the plastic virgin
instantaneous compressibility (i the elastic compressibility for saturated conditions ,
and the virgin clastic compressibility for sat conditionsd. The effect of suction on the
compressibility has been calculated as there was test data available related to wet and
dry oedometer tests.
The water retention curve has been estimated, as shown in Fig. 35 considering a low
air entrance value and taking into account the double porosity of the rockfill.
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Fig. 35 Water retention curve estimated for the rockfill material

On Fig. 36 there are shown the results corresponding to the triaxial tests performed by
means of the Duncan coupled model and the model developed on the present Thesis.
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Fig. 36 Triaxial tests on rockfill samples under confining stresses of 0.15 MPa. Duncan couple
model vs. C_B model results

There has been access to triaxial modeled test results, developed by M. Quoreishi,
Professor Konrad’s PhD. student at the Laval University within the Industrial Chair
Reserche CRSNG/Hydro-Québec on the embankment dams life cycle optimization. He
has modeled some tests by means of the Duncan model coupled with the MohrCoulomb model. The Duncan-Chang model (Duncan, J. M. & Chang, C. Y.,1970) is
based on triaxial soil tests and considers a hyperbolic stress-strain relation. The
modified model used assumes a stress-dependent Poisson ratio.
Fig. 36 shows the results of the triaxial tests performed by means of the Duncan
coupled model and the program Code_Bright under confining stress of 0.15 MPa. The
results are similar in the q-εa diagram. There is a slight difference on the εvol -εa
diagram. The model developed on the present Thesis estimates a higher volumetric
deformation than the Duncan coupled model. This can be due to the difference in the
considerations between the two models. In the case of the Duncan model, the
volumetric changes due to changes in shear stress are not taken into account.
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WEAK ROCKFILL
There is a zone located on the upstream shell between the elevations of 330m. and
360m. where the rockfill has lower strength and stiffness. It affects to the outer rockfill
and a part of the inner one. This material was placed at the end of 1997, and was
exposed to the environmental actions (snow, rainfall) until June 1998. It was also
affected by the compaction conditions; taking into account the environmental conditions
at the end of the year, the compaction process could not be performed in a correct
manner. It is worth noting that the rockfill material was carried from different quarries.
The rockfill corresponding to the lower part of the upstream shell (until the elevation of
360m.) has a higher fine content than the rockfill from the downstream shell and the
one from the upper part of the upstream shell. This is another factor that could have
affected the strength and stiffness of this weaker rockfill area.
In future investigations it can be considered the existence of this material and analyze
its possible influence on the dam behaviour.

3.7.

SUMMARY OF MATERIALS PARAMETERS

Here there is shown a set of the materials parameters with a brief explanation of the
meaning of each one.
Definition of parameter
Elastic compressibility for saturated conditions
Poisson ‘ s ratio
Virgin compressibility for saturated conditions
Parameter to describe the minimum value of the
compressibility coefficient for high values of
suction
Parameter that controls the rate of increase in
stiffness with suction
Reference stress

Symbol


(0)

Value
0.0087
0.33
0.016

Units
-

r

0.7

-

b

0.6

-

pc

0.001

MPa

Table 1. Mechanical parameters for the till material

Definition of parameter
Water retention curve (Van Genuchten, 1980)

Horizontal saturated permeability
Vertical saturated permetability

Symbol
P0
Smin
Smax

Khsat
Kvsat
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Value
0.01
0
1
0.33
5e-7
5e7/5.4=9.26
e-8

Units
MPa
m/s
m/s

Table 2. Hydraulic parameters for the till material

Definition of parameter
Elastic compressibility for saturated conditions
Poisson ‘ s ratio
Virgin compressibility for saturated conditions
Parameter to describe the minimum value of the
compressibility coefficient for high values of
suction
Parameter that controls the rate of increase in
stiffness with suction
Reference stress

Symbol


(0)

Value
0.006
0.3
0.011

Units
-

r

0.8

-

b

0.4

-

0.0012

MPa

c

p

Table 3. Mechanical parameters for the transition and filters materials

Definition of parameter
Water retention curve (Van Genuchten, 1980)

Horizontal saturated permeability
Vertical saturated permetability

Symbol
P0
Smin
Smax

Khsat
Kvsat

Value
0.01
0
1
0.5
1e-5
1e-5

Units
MPa
m/s
m/s

Table 4. Hydraulic parameters for the transition and filters materials

Definition of parameter
ELASTIC BEHAVIOUR
Elastic modulus
Poisson’ s ratio
PLASTIC BEHAVIOUR
Plastic virgin instantaneous compressibility
Virgin clastic compressibility for saturated
conditions
Parameter to describe the rate of change of
clastic compressibility with total suction
Slope of critical state strength envelope for dry
conditions
Slope of critical state strength envelope for
saturated conditions
Parameter that controls the increase in cohesion
with suction
Threshold yield mean stress for the onset of
clastic phenomena

Symbol

Value

E


170
0.35

MPa
-

(i - )

0.0133

-

d

0.009

-

s

0.7

-

Mdry

1.8

-

Msat

1.78

-

ks

0.2

-

py

0.005

MPa

Table 5. Mechanical parameters for the rockfill material
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Units

Definition of parameter
Water retention curve (Van Genuchten, 1980)

Horizontal saturated permeability
Vertical saturated permetability

Symbol
P0
Smin
Smax

Khsat
Kvsat

Value
0.01
0
1
0.6
1e-4
1e-4

Table 6. Hydraulic parameters for the rockfill material
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Units
MPa
m/s
m/s

CHAPTER 4. DAM MODELLING
4.1.

INTRODUCTION

The present Thesis has been carried out by means of the program Code_Bright . It is a
finite element program that allows performing a thermo-hydro-mechanical analysis in
saturated-unsaturated deformable porous media, and combines with the pre/postprocessor GiD.
The dam has been modeled in 2D, within the viscoplasticity framework. As has been
mentioned before, the section considered for this study is the BB’ section, containing
among others the inclinometers INB-1 and INB-5, whose registered data has been
used to develop this study.
The calculation is divided in different steps or intervals; in each interval it is simulated
the construction of a dam lift, and there can be calculated many variables: vertical and
horizontal stresses, strains, displacements, liquid pressure, degree of saturation, and
others.
The main objective of the dam modelling is to analyze its behaviour. For this purpose
the settlements registered can be compared with the results obtained from the model.
Once compared, they can be interpreted those results, so that the materials and the
dam behaviour can be better understood.
This chapter discusses the modelling of the dam, indicating the steps that were
followed to obtain the model corresponding model. Starting from the geometry and
materials adopted, it is exposed after the section selected to perform this numerical
analysis. Then, it is described the finite element mesh adopted, and the construction
phases in which has been divided the model. Finally, there are presented the initial and
boundary conditions for the problem.

4.2.

GEOMETRY AND MATERIALS

The geometry adopted in this analysis corresponds to the actual geometry of the dam.
The dimensions also coincide with those of the studied section BB '.
Fig. 27 shows the geometry for the model and defines the different materials that are
represented in different colors. As can be seen, the foundation of the model is reduced
to a layer approximately 15 m. thick. This is because it is a very low deformable and
highly impermeable material, so it was not considered relevant to model its behavior.
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Fig. 37 Geometry and materials forming the dam model

We will now discuss the core. The dimensions of the core in the model match the
actual section, if it is true that in the model the core has been raised to the crest of the
dam (410 m.), while in the real case this area is slightly below that elevation. This
solution has been adopted to avoid possible convergence problems on the crest of the
dam model, considering the influence of it as negligible in the numerical analysis.
Filters and transition zones have been considered as a single material, as discussed in
previous chapters. In the model they are defined in this way. This has been due to lack
of information concerning to such materials (laboratory tests). In any case it has been
considered that this simplification does not affect in the numerical analysis. Although in
future studies they may be carried out laboratory testing to determine the mechanical
and hydraulic parameters of these materials, and thus obtain a higher accuracy of the
model. In this case it has also been adopted, as in the case of core, the solution raised
to the crest taking into account that this consideration is not decisive in the numerical
analysis.
Finally, the geometry of the model adopted in the shoulders corresponds to the actual
geometry of the dam. As it can be seen in Fig. 27, there are differentiated the inner and
outer rockfill zones. In the present study it has been assigned the same material to
both areas. In the future it may be carried out a more detailed analysis once the there
is available information on laboratory tests conducted on samples from both areas.
Also, the area of lower quality rocfkill has been defined in the geometry of this Thesis.
This zone is situated in the upstream shoulder, between the height 330m. and 360m.
affecting the outer rockfill and a part of the inner rockfill. It can be studied the influence
of this material on the behavior of the whole dam in future researches involving
laboratory tests performed on samples of this material.

4.3.

ANALYZED SECTION

As already mentioned, the study section corresponds to the section BB '. This is the
maximum section of the dam, located in the central part thereof. This section has been
chosen to carry out the numerical analysis since in this case the measurements
corresponding to the inclinometers installed INB-1 and INB-5 are available.
As seen throughout this study, the dam has a marked 3D character, but this thesis has
been carried out in a 2D model.
4.4.

FE MESH
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The adopted finite element mesh is shown in Fig. 38. The mesh is formed by
quadrilateral elements, thus obtaining nodes 3774 nodes and 3601 elements. We
opted for the solution of the quadrilateral elements because it allows avoiding
numerical problems even if the calculation runs slower.

Fig. 38 FE mesh corresponding to the model of the dam

4.5.

CONSTRUCTION STEPS

The modeling of the dam and reservoir filling was performed using different
construction stages. Each stage corresponds to an interval in the model. The dam is
divided into 11 layers of varying thicknesses, the minimum thickness assigned is 9.5 m.
and the maximum thickness is 15 m. It has been opted for this solution to avoid
numerical problems, because if the layers were thinner the modeled numerical
calculation would be much heavier and the program would have convergence added
problems. In any case, it was considered that this simplification does not impact
negatively on the model, and therefore the results are reliable.
The construction of each layer is performed as follows: at the beginning of the
corresponding interval the model constructs the body layer, assigning to each material
a very low initial density. As the interval time is elapsing, this density is increased until
the value of the density of each material forming the layer reaches its real value. Thus,
the model simulates accurately the actual construction of the layer lifts.
As discussed in previous chapters, the dam was stopped during the two winters for the
years 1996 and 1997 due to weather conditions in the area. This fact is also
reproduced in the model. Also, the filling of the reservoir has been modeled according
to the chronology of the phenomenon. Fig. 39 shows the chronology of the model and
the real case. As it can be observed, the lines corresponding to the real case and the
model are coincident. In this way, the accuracy of the model will be increased because
there has been considered all the construction, impoundment and operation history of
the dam.
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Fig. 39 Chronology of the dam construction, water impoundment and operation. On site vs.
model data

The model developed by the program Code_Bright is shown in Fig. 40. The different
layers that form the body of the dam and the layer corresponding to the foundation can
be clearly distinguished.

Fig. 40 Dam model developed by means of the program Code_Bright

As for the modeling of the water impoundment, the program Code_Bright enables the
modelling in different ways. In this case it was decided to model it in layers of equal
thickness to the corresponding layers of the dam. A water material has been assigned
to the layers, with high porosity and permeability. As the layers are built of water
according to the chronology of water impoundment, it has been assigned the
corresponding flow boundary conditions. Thus it is achieved correctly simulation of the
water impoundment .

37

4.6.

INITIAL CONDITIONS AND BOUNDARY CONDITIONS

In any geotechnical problem the boundary and initial conditions are important because
it depends on them the adequate resolution. For this analysis, these conditions have
been estimated based on the available information. In this way the model is adjusted
more accurately to the actual case and the results are more reliable.
The Fig. 41 summarizes the initial conditions assigned to the model. These conditions
can be classified into three groups: stress conditions, flow conditions and porosity. In
the program Code_Bright conditions can be assigned respectively over points, lines,
surfaces and volumes.

Fig. 41 Dam model with the corresponding initial conditions

4.6.1. STRESS
The stress boundary conditions can be assigned either as forces on the nodes or as
stress conditions at the boundary. In this study, these conditions have been assigned
as forces in the nodes. This allows more accurately reproduce the actual case by the
model.
As to the initial conditions, considering that the only material that exists at the start of
the dam is the foundation, they have been calculated vertical and horizontal stresses.
Vertical stresses are calculated as follows:

(5)
Being the height of the foundation layer 15 m. it has been estimated material density
equal to 2.8 T/m3. The horizontal stresses are calculated by the earth pressure at rest
coefficient K0. The determination of this parameter is difficult because it depends on the
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tension of the soil history, and its degree of consolidation and compaction thereof. In
the absence of additional information it has been estimated a value of the coefficient K0
equal to 1.5, considering that this is a very rigid material and overconsolidated. The
equation relating the two voltages is as follows:

The rest of the materials have no initial stress conditions as they have not yet been
built. However, to avoid numerical problems with the program, it must be assigned an
initial stress to all the materials considered in the model. The value of this stress is very
low.
These initial conditions are assigned on the different surfaces that represent each
material. There are also assigned stress conditions on the lines delimiting the
foundation layer. These conditions apply in all intervals simulating the construction
history of the dam. This will impose zero displacement in the foundation base and
restrict the displacement in the horizontal direction thereof.
4.6.2. FLUX
Water plays an important role in the behavior of the dam. Both the initial position of the
water level as the water impoundment have been modeled by assigning at each
interval the corresponding flux conditions.
It was considered that the water level at the beginning of the dam was placed on top of
the foundation, so that it remains saturated from the beginning. It has also been taken
into account that the first 15 m. of the dam remain saturated almost from the beginning,
once it is built the first layer of the dam the reservoir level starts to rise until reaching
the 275 m. elevation, remaining constant at that point while the body of the dam
continues to be built, so that the construction and water impoundment do not draw
parallel lines in time, but the reservoir is always kept below the height of the dam.
To reproduce with the model the initial water level and the corresponding level that it is
reaching the reservoir conditions are assigned over lines. To model the increase in
water level it is assigned an increment of water pressure over the line immediately
below which is the water level.
Also, initial conditions must be assigned related to the water pressure on the surfaces
defining each material. In the case of the foundation, it is considered that initially the
pressure distribution describes a uniform law. The initial conditions of the remaining
materials are estimated taking into account the conditions of compaction on site.

4.6.3. POROSITY
The porosity of each material was estimated taking into account the available
information concerning each one.
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CHAPTER 5. RESULTS
The program Code_Bright calculates different results in each of the intervals that make
the modeling of the history of the dam. There can be obtained among others vertical
and horizontal displacements, water pressures, degrees of saturation, stresses and
strains vertical and horizontal.
This chapter presents the results obtained with the model so far. These results were
compared with the measurements recorded by the INB-1 and INB-5. It is noteworthy
that so far it has been able to model the construction of the dam and the water
impoundment up to a certain stage due to numerical problems related to the program.
In any case, the results presented below are satisfactory as it is noted that the
settlements obtained with the model reproduce fairly accurate the settlements
measured on site with the instruments. This indicates that it has managed to capture
the behaviour of materials and the dam as a whole, taking into account the construction
of the dam and water impoundment.

5.1.

VERTICAL STRESSES

Below there are shown the results of the vertical stresses obtained with the model at
different stages. The first thing noted is a clear symmetry of the dam. It can also be
checked the interaction between the core and shoulders through filters and transition.
One can see that the transition zone and filters upstream load significantly. When
designing dams it must be taken into account to be avoided hydraulic fracture
phenomena. This phenomenon occurs when the water pressure at a point inside the
dam is greater than the vertical stress at that point. So that there is a separation of the
upper and lower parts at that point and the water starts flowing more strongly through
the fracture. In the case of properly designed filters there is no further problem as they
retain the fine particles of the core dragged by water. But if these filters are not
adequate, these particles could migrate, resulting in loss of integrity of the core and the
dam in general.
Also, when designing dams there must be prevented significant differences between
the contiguous materials deformability. It must be avoided that changes in deformability
are very abrupt, as it may produce significant differential settlement, which could cause
further problems.
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Blue line indicates water level

3-jun-97

Blue line indicates water level

18-aug-97

Blue line indicates water level

14-dec-97
Fig. 42 Vertical stresses measured on different dates

In Fig. 42 it can be observed the evolution in time of the vertical stresses. It is marked
in each figure a blue line indicating the position of the reservoir level at all times. It can
be observed how just after the beginning of the dam construction, day 18-aug-97, the
water level reached the elevation 275 m. The vertical stress distribution is quite
symmetrical. In the next step the water is located at elevation 290 m., thus influencing
the difference in vertical stresses recorded in both shoulders. It can be appreciated
how the upstream shoulder registers a vertical stresses higher than those observed in
the downstream shoulder.
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Blue line indicates water level

16-apr-98

Blue line indicates water level

13-may-98

Blue line indicates water level

16-jun-98
Fig. 43 Vertical stresses measured on different dates

In Fig. 43 they are displayed the next steps of the model. It can be observed clearly the
difference between vertical stresses recorded at each rockfill shoulder due to the
increased level of the reservoir.
At present, the model has been able to reproduce the history of the dam up to elevation
372.5 m. and water impoundment to a height of 315 m. Although the model has not
come to converge in the later stages and has not been available information
concerning the vertical stresses registered, it is estimated that the results obtained with
the model are rather reliable and it can be said to reflect the behavior real dam.
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5.2.

VERTICAL DISPLACEMENTS

This section shows the results concerning to vertical displacements obtained with the
model at different times. It is noted that such calculated displacements are higher in the
area of the core. This is because it is a material more compressible than the shoulder
material. It can also be observed the effect of water impoundment on the upstream
shoulder, being the settlements higher in this shoulder than in the downstream one.
Still, the results also show that vertical displacements have been recorded in the
downstream shoulder although this material is not in direct contact with the reservoir
water. This is due to the effect of RH on the compressibility of the rockfill as already
mentioned. It has been demonstrated by means of oedometer tests performed on
samples of rockfill (Oldecop, L. A. & Alonso, E. E. 2001) that the material undergoes
identical volumetric deformations in the case of increasing the RH to the maximum and
in the case of samples flooded from the beginning of the test.

Blue line indicates water level

3-jun-97

Blue line indicates water level

18-aug-97

Blue line indicates water level

14-dec-97
Fig. 44 Vertical displacements measured on different dates
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Blue line indicates water
level

16-apr-98

Blue line indicates water
level

13-may-98

Blue line indicates water
level

16-jun-98

Fig. 45 Vertical displacements measured on different dates

In Fig.44 and 45 it is still observed the phenomenon described above, the greater
deformability of the till with respect to the rest of the materials, as well as the difference
of the settlements in both shoulders.
As will be explained later on, the comparison of the settlements recorded in situ with
those obtained by the model shows that the model has been able to accurately
reproduce the behaviour of the dam. Although it failed to reach the operating period
with the model, the work can be continued in this direction in future projects.
Fig. 46 shows the location of two points with the same elevation (290 m) corresponding
to each one of the shoulders. There has been plotted the time evolution of these two
points.
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Fig. 46 Situation of the points A and B on the rockfill shells
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Fig. 47 Settlement evolution on time of two points located on the upstream and downstream
rockfill shells respectively

There can be observed the difference of the settlements in both shoulders. In May
1997 there have been built 24 m of dam (elevation 284 m.) and the reservoir was
located at elevation 270 m. From this time the settlements of both points begin to
increase uniformly until December 1997. This is because during this period the height
of the dam will reach up to 360 m elevation. Also, since November 1997 the reservoir
level starts to rise again in a slow but steady manner. While the settlement calculated
at the point B is kept below 0.5 m, the settlement corresponding to point A is greater
than 0.7 m. This difference is due to the effect of water impoundment on the upstream
shoulder. From December 1997 the graph shows that the settlements in both points
have increased slightly. This is because the dam was stopped during the two winters
that have passed between. The reservoir level continued to rise but slowly, so there
were no remarkable changes until May 1998, when the construction of the dam is
restarted. Although the model has failed to converge in the latter stages, there can be
seen how the settlements tend to rise again.
Future research may study the behavior of the dam during its operation, analyzing the
settlements in time and their causes.
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5.3.

WATER PRESSURE AND DEGREE OF SATURATION

Below there are going to be shown the results obtained with the model relating to the
water pressures measured at different stages of construction and filling of the reservoir.
In Fig.48 there can be observed how the reservoir level is maintained at the same
elevation (275 m.). Around December 1997 the level continues to rise in a slow but
steady way.

Blue line indicates water level

3-jun-97

Blue line indicates water level

18-aug-97

Blue line indicates water level

14-dec-97
Fig. 48 Water pressure measured on different dates

46

Blue line indicates water level

16-apr-98

Blue line indicates water level

13-may-98

Blue line indicates water level

16-jun-98

Fig. 49 Water pressure measured on different dates

Fig. 49 corresponds to stages in which the reservoir level has been rising steadily. It
has come to model the filling of the reservoir up to a height of 315 m. One can observe
the free surface of water through the body of the dam.
The Fig. 50 and 51 show the situation of two points for the shoulders upstream and
downstream respectively. In Fig. 51 it is plotted the time evolution of the water
pressures corresponding to those points. It can verified that the water pressure in the
upstream point rises as the reservoir is being filled, while the water pressure
corresponding to point B is maintained constant in time.
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Fig. 50 Situation of the points A and B on the rockfill shells
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Fig. 51 Water pressure evolution on time of two points located on the upstream and
downstream rockfill shells respectively

5.4.

IN SITU AND MODEL MEASUREMENTS COMPARISON

Below the results of the settlements measured by the inclinometers INB-1 and INB-5
are shown and then compared with the results obtained with the model. Although the
model has not converged in the last stages of the analysis, it can be seen that this has
been able to capture the behavior of the dam.
First we show on Fig. 52 the results obtained with the model until now in the INB-1. The
measures represented coincide in time in the two cases to better compare both. As
seen, the first recorded measurement on field gives a value greater than that obtained
with seat model. But in the following stages both measures are very similar, with the
field records slightly higher than those calculated with the model.
The latest measure calculated by the model corresponds to 16-Jun-1998. In contrast,
the measurement on site is higher. While the model calculates a settlement for that
stage of 900 mm, field measurement at the last entry is 1300 mm. This difference
appears because the dam continued to build after 16-Jun-98, what made the
settlements continue to rise. .In any case, it can be considered that the model has
captured satisfactory the dam behaviour during this period.
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MODEL RESULTS
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Fig. 52 Settlements measured, INB-1, model results and field data

As for the INB-1 case, settlements have been calculated for the INB-5 with the model.
Fig. 53 shows both the calculated and the settlements measured on the field.
In this case, the settlements measured by the model are higher initially, but as time
goes on, the actual measurements and those calculated are nearer. The final value
reached with the model is similar to that measured in the field. This indicates that,
despite these small differences that appear at the beginning, the overall behaviour of
the dam has been modeled successfully.
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Fig. 53 Settlements measured, INB-5, model results and field data

Finally, it can be considered that the model has been able to reproduce correctly the
behaviour of the dam. Although it has been unable to converge in the last steps of the
calculation, the work can be continued on the same play to the end of the filling of the
reservoir and the subsequent operation of the dam. This allows analyzing the behavior
of the dam long term, studying the deformations over time. Featuring the measures
recorded in the field, they can be compared with results obtained with the model and
improve the accuracy of it. Furthermore, this analysis may be useful in the design of
future dams.
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CHAPTER 6. CONCLUSIONS
The dam analyzed in the present Thesis corresponds to a real case, the SM-3 dam
constructed in Quebec during 1996 and 1998. It has been an interesting study due to
the availability of field data and laboratory tests as well. The dam is formed by an
impervious central till core and rockfill shoulders founded on a rigid and impervious
rock.
Even if it is a recent construction, there have been measured remarkable deformations
during construction and partial impoundment. The settlements measured after
construction during the subsequent 10 years of operation have also been pronounced,
due to collapse and creep phenomena. It is not usual to register collapse deformations
in Quebec, due to the climatic conditions of the region. But despite that, this
phenomenon took place in this dam.
These collapse deformations can be attributed to the compaction conditions of the
rockfill material. As it has been mentioned in previous chapters, the rockfill was placed
on site without sluicing, which favors the rockfil collapse.
Focusing on the characterization of the materials involved in the dam, some interesting
laboratory data is available which has been used to calibrate the constitutive
parameters. Properties as grain size distribution, permeability, oedometric and triaxial
compressibility and water retention features are given for the compacted till used for
the construction of core. No available data on the compressibility at saturated condition
of this material is provided. However, due to its close structure and grain size
distribution a lower potential collapse is expected. For the rockfill material, grain size
distribution before and after loading and oedometer tests on flooded and dry samples
allow the characterization of the shoulder response.
Laboratory test data and early dam history have been simulated using the finite
element code (Code_Bright) developed for modeling the response of deformable
porous media under saturated and unsaturated conditions.
The materials constitutive models used in the present Thesis are the BBM and the
Rockfill Model, both of them implemented in Code_Bright. Those models are able to
reproduce the main features of those granular materials. The oedometer and triaxial
test have been simulated as boundary problems.
The dam construction and the reservoir impoundment have been simulated following
the actual history. The obtained results are discussed and interpreted in terms of
stress, pore pressure and displacement. Finally, the calculated results are compared
with the field measurement along two inclinometers/extensometers installed on the
upstream and downstream rockfill shoulders. From the comparison, the displacements
due to construction and wetting can be interpreted.
Although the data related to the piezometers, pressure cells and other inclinometers is
not available currently, it may be requested for future investigations. It can also be
interesting to ask for the available rainfall data; this factor has a relevant influence on
the downstream rockfill shell, and consequently, on the dam behaviour. Raifall can
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explain the large magnitude of the settlements measured downstream considering that
that rockfill does not become totally saturated due to the reservoir impoundment.
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