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ABSTRACT
Numerical modelling is often needed as a tool to predict the behaviour and assess the safety of dam
structures. Embankment dam structures analyses are quite complex and potential failures are hazardous.
Predictions of dam behaviour by numerical modelling rely on knowledge about the mechanical
properties of the materials the dam is constructed with. The materials included in a dam vary
significantly because zones in the dam have different functions. In order to conduct reliable modelling,
parameter values defining the stress-strain relationship of the materials are needed to be assigned.
Obtaining information about the mechanical behaviour in already existing embankment dams is usually
challenging. As many dams are old, there might be a limited amount of information available of the
materials used, construction methods and mostly about the stress-strain relationship of the soil.
Traditionally, field sampling is performed in order to obtain such information. However, conventional
field sampling might negatively affect the dam body and thereby the performance as well as the safety
of the dam. This is of special importance if sampling is performed in the impervious (core) part. Since
traditional sampling might harm the dam body, use of non-destructive methods would be advantageous
to utilise for obtaining information about the stress-strain relationship and the strength in a dam
structure.
An option for a non-destructive method is parameter identification by inverse analysis. The idea of
inverse analysis is to calibrate finite element models towards field measurements. In the calibration
process, the input for a stress-strain relationship (constitutive model) is modified until the discrepancy
between the output of the numerical model and the associated chosen field measurement is minimised.
The agreement between output from the numerical model and reality is measured by an objective
function that will calculate the error. In order to automatically search for the minimum a search
algorithm is utilised in the optimisation process. When the objective function is minimised, the
calibration of the material parameters is done.
In previous research at Luleå University of Technology, the method of inverse analysis was applied to
an embankment dam. The finite element program PLAXIS was used in combination with an
optimisation code. The optimisation code includes an objective function (for error evaluation) and a
search algorithm. The genetic algorithm was employed as search algorithm, since it is known for its
robustness and efficiency as well as the fact that it provides a set of solutions instead of one unique
answer. This is beneficial from a geotechnical point of view, since engineering judgement can be
included in the final choice of solution.
The first study in the present thesis deals with a case study of an embankment dam, where a simple
model calibration was performed. This was a part of a larger study, at the ICOLD Benchmark
Workshop in 2017, where the work presented here was forming one of the contributions. In order to
have a model response similar to reality, the contributors were asked to choose constitutive models
and calibrate them. The calibration was done by manually changing the input for the constitutive
model chosen. While the response of the numerical finite element model was capturing the trends of
measured total stresses and pore pressure in the dam quite well, there were difficulties in capturing the
III
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long term deformations of the dam. This was a challenge for all contributors. An idea for improving
the model response, is to run a more advanced calibration by inverse analysis.
In the second study in the thesis, predictions are presented for the embankment dam that inverse
analysis was previously conducted for at LTU. Strengthening actions in form of a new berm were
performed at the dam. With identified material parameter values from the inverse analysis, predictions
were conducted both before and after the strengthening measures. The predicted deformations were
compared to deformation data from inclinometer measurements. A reasonably well agreement was
obtained with the real deformations. The trend of the deformations was replicated and the magnitudes
of the deformations were in the right order. The study is indicating that predicting future dam
behaviour based on results from inverse analysis can be done reasonably well.
In the third and final study in the thesis, effects of random measurement error on the performance of
the genetic algorithm for soil parameter identification are assessed. Also here, with the application to
the embankment dam used in previous research at LTU. Optimisations were performed against
inclinometer measurements. To be sure that the constitutive model can find the correct solution,
synthetic (i.e. numerically generated) inclinometer data was utilised. Perturbations were randomly
generated within chosen intervals of error and added to the numerically generated deformations.
The genetic algorithm showed its robustness, by continuing to search for solutions without breaking
down even if the field data was substantially perturbed. Considering usual errors for inclinometer
measurements, the genetic algorithm can deliver good solutions. The inclinometer errors used were
taken from literature, and thereafter related to the perturbations of the numerically generated data.
Dealing with errors that are becoming gradually larger than what can be considered as usual, problems
are faced by the genetic algorithm. In this cases it is difficult to find a solution, and if solutions are
found they might significantly deviate from the unperturbed optimum solution.
The three studies handled in this thesis are treating aspects of back analysis of embankment dams; from
a simple calibration, to predictions based on material parameters from advanced inverse analysis and
finally effects of errors on the genetic algorithm. It been shown that using inverse analysis for already
existing embankment dams is very beneficial for the material characterisation and is forming a step
towards better predictions of future dam behaviour.
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Introduction

1 INTRODUCTION
1.1 Background
Predicting the behaviour of dams is needed in order to know which performance to expect and what
behaviour could be regarded as normal. Numerical modelling is recognised as a valuable tool in
prediction of soil behaviour, and this tool is also used in dam engineering.
As numerical modelling of dams requires information about the stress-strain relationship of all zones,
many assumptions are required in order to perform modelling. A usual way of retrieving such
information, is to perform sampling and thereafter laboratory tests on the materials used in the dam.
Knowing the mechanical behaviour of all involved materials, predictions of dam behaviour can be
carried out by numerical modelling of the dam. Having a prediction, knowledge is gained about the
behaviour that can be expected in the future.
However, taking samples for laboratory testing in existing dams is not only difficult and expensive; it
might endanger the water tight dam structure as it creates open holes, where samples are taken.
Another difficulty of sampling can be the sample size or the disturbance on the sample when retrieving
it from field. Furthermore, the question arises if the sample is representative for the soil layer and
consequently this reflects on the values of the material parameters. The use of non-destructive methods
in dams would therefore be advantageous to get information about the stress-strain relationships.
Adequate models for description of the constitutive behaviour of the material are available. Today,
techniques are developed that are aiming for creating digital replications of the reality. The air plane
industry (e.g) has come far, with the GE concept of digital twins, see GE (2016). Much of this builds
on incorporating artificial intelligence in the models of the reality, where they are used for creating
digital models for replicas of real systems. In such processes parameters are identified that will produce
the input for a numerical model that has the output according to the real system. In dam engineering,
for earth- and rockfill dams, this technique has not been exploited much though. Measurements are
performed on the dam, for which the parameter identification can be done against. Then there is no
need of utilising any destructive method.
Maintaining a high degree of dam safety is vital for dam owners and for the surrounding society. To
communicate the degree of safety, parameters like “factor of safety” (FOS) is often used. This factor is
calculated based upon the mechanical behaviour of involved materials, which then is possible to
compute from the information obtained from the inverse analysis of the dam although the FOS is not
directly linked to deformation.
1.2 Objectives of the research
The work in this thesis aims to further develop the inverse analysis methodology when applied to
embankment dams. This is done by:
x
x

x

Testing a simple calibration, manually, in order to assess if there are benefits of performing a more
proper calibration.
Based on parameters defined from inverse analysis, predict deformations for future events (e.g. changed
geometry or differing loading situations). Evaluate how well they correspond to real measurements from
field.
Assess how well the search strategy can handle errors in monitoring data, since errors are likely to occur
and field measurements are not perfect.
1
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1.3 Structure of the thesis
The thesis is divided into two parts, a summary and an appendix with papers. The first part contains
the following:
x

x

x
x

x

x
x

Chapter 2
Covering aspects of behaviour of dams. Basic information about dam construction, monitoring as well
as modelling and stress-strain behaviour of soil.
Chapter 3
A case study, focusing on a “normal” way of modelling according to recommendations. Here, a 139
metres high Greek dam is presented. Results of the modelling are compared to field measurements.
Chapter 4
Introducing the parameter identification technique.
Chapter 5
Parameter identification has been used for a 40 metres high Swedish embankment dam. The chapter is
also including predictions based on the results of the parameter identification.
Chapter 6
Handling the effect of measurement errors on the search algorithm in parameter identification, applied
to the same dam as in Chapter 5.
Chapter 7
Concluding remarks of the studies performed.
Chapter 8
Ideas for future research.
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2 PREDICTIONS OF DAM BEHAVIOUR
This chapter covers briefly behaviour of embankment dams and why predictions of their behaviour are useful. The
chapter is written with the aim to describe the components that are needed to be able to predict the behaviour of a
dam; linking dams, material behaviour and numerical analysis.
2.1 Embankment dams and their behaviour
Embankment dams can be composed of various types of soil material. In its most simple form, the dam
is homogeneous including only one type of material. This is the oldest method of constructing
embankment dams. A usual approach in more modern engineering is to have zoned dams, where each
zone is engineered to have a certain function. In Figure 2.1, different types of embankment dams are
presented according to the terminology used by Foster (1999).

Figure 2.1. Dam zoning categories of embankment dams. After Foster et al. (2000).
As shown in Figure 2.1 there are several types of embankment dams. In this thesis, the dam type that
is focused on is the type presented in category 5. This type of dam can also have other zones
incorporated, a usual example of geometry is shown in Figure 2.2.
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Figure 2.2. Illustration of a typical cross section of a central core earth and rockfill dam. After Fell et al. (2005).
The usual zones of such a dam presented in Figure 2.2 are as follows, Fell et al. (2005) and Vattenfall
(1988):
x

x

x

x

x

x

x

1: Core
This is the central part of an earthen dam structure, which controls seepage through the dam. An
example of used material is clay and clayey sand. In Sweden, fine grained glacial till is commonly used.
2A: Fine filter
Prevents erosion of the core, caused by seeping water. Can also prevent erosion of the foundation
material, if placed horizontally. Controls also the pore pressure at the downstream side of the dam. Sand
or cobble sand is usually used for a fine filter zone.
2B: Coarse filter
Controls erosion of the fine filter. The composition of the used material is chosen in such a way that
the pores in the coarse filter are preventing erosion from the fine filter.
2C: (i) Upstream filter or (ii) Filter under rip rap
Controls erosion of the core through the upstream rockfill, which can happen during rapid drawdown
of the reservoir level (i) or (ii) through the erosion protection. Usually the same material as for zone 2A
is used.
3A: Rockfill
Applies stability to the dam structure, and works as a draining material for release of seeping water
through and under the dam. Prevents erosion of the coarse filter to the rockfill. Material of high strength
and sufficient draining capacity is used.
3B: Coarse rockfill
Provides stability to the dam structure, draining zone to allow for seepage through and under the dam.
Similar or more coarse material as 3A.
4: Rip rap
Erosion protection on the upstream side of the dam. Prevents damage from waves and ice. Can also be
used at the downstream side of the dam, at the toe, to prevent erosion of the toe material. Coarser
fraction than for zones 3A and 3B.

In order to ensure that the dam is performing according to the plans, the behaviour can be monitored.
Monitoring is not only done to ensure the function, but also for safety purposes. Foster et al. (2000)
lists statistics of failures and accidents of embankment dams. In many of the cases failures were avoided
since data from instrumentation was available, that personnel could interpret the performance and
behavioural trends of. This is just an example of why monitoring and understanding its meaning are
essential in dam safety work. Background of monitoring device is found in e.g Dunnicliff (1988).

4
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Behaviour of an embankment dam is usually monitored by measuring the quantities deformations,
stresses and seepage. Changes in effective stress conditions (during construction, impoundment or
reservoir fluctuations), changes in total stress, saturation/wetting (e.g. collapse compression of the
shoulder rockfill) and time dependent deformations can be noted. In order to be able to interpret the
measurements and to know in advance what can be expected and regarded as normal under various
loading situations, predictions of the behaviour are needed as an aid.
2.2 Classification of predictions
A large number of predictions have been published on different kinds of geotechnical applications. In
literature, predictions have been compared at different stages with field data from monitoring. A
classification system was suggested by Lambe (1973) and is widely adapted when working with
predictions.
Table 2.1. Classification of predictions, after Lambe (1973).
Results at time prediction
Prediction type
When prediction is made
is made
A
Before event
B
During event
Not known
B1
During event
Known
Not known
C
After event
C1
After event
Known
Type A predictions are performed before the event entirely with data available at that time. Type B is
made during the event and type C is done after the event has occurred.
2.3 Modelling of embankment dams
Numerical modelling is nowadays widely used, having amounts of very user-friendly software available
to potential users. Numerical modelling in terms of the finite element method was introduced to
geotechnical engineering by Clough & Woodward (1967). With time, numerical modelling has shown
to be needed in order to cover the more complex aspects of soil behaviour. This involves capturing
mechanisms that are not at all covered by other traditional methods as e.g. the limit equilibrium method
which is often used for stability evaluations. Many geotechnical structures are complex and numerical
modelling is therefore required as an aid in predictions.
Usual stages in the lifetime of a dam, for which numerical analyses can be performed are shown in
Figure 2.2, also described in e.g. Hunter (2003). The first stage is construction of the embankment
dam, thereafter the impoundment process and thereafter the operational phase. A large amount of
information can be retrieved from numerical analyses such as deformation (internal and external),
changes in stresses and distribution of stresses.

Construction

Impoundment

Operation

Figure 2.2. Stages for the lifetime of a dam that numerical analysis can be conducted for.
5
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For numerical modelling of embankment dams, Kovacevic (1994) and Duncan (1996) raised some
aspects:
x The importance of loading history meaning that modelling of the construction is performed in
a series of layers. A sketch of a dam with layers, similar to what would be used in modelling, is
shown in Figure 2.2.
x Importance of a suitable constitutive model for more accurate modelling of deformations. Some
information on constitutive modelling is found in Chapter 2.4.
x Difficulties with Class A predictions, as the laboratory test results might not correspond to what
is actually found in field; e.g. due to limitations in grain size in testing. Scaling when performing
laboratory tests, it can be a big difference of the stress paths in the laboratory test compared to
the ones imposed in field.
In ICOLD (1998) there is a discussion on the need of using more advanced modelling in order to
describe and explain abnormal behaviour of dams. Committee A of the International Commission on
Large Dams (ICOLD) are providing guidelines on development of computational modelling of dams.
In Figure 2.3, an overview of static analyses of embankment dams is given.

Figure 2.3. Static analyses of embankment dams. After ICOLD (1986).
As can be seen in Figure 2.3, there are many cases where numerical modelling is recommended.
However, within modelling of geotechnical problems there are also different options available. Semi
coupled analyses are quite commonly used in modelling of embankment dams. In this type of analysis,
a “seepage phase” is used to compute changes in the pore pressure and thereafter a “mechanical phase”
is added in order to compute the changes in the stresses and strains. As numerical software develop,
there is more complexity added with time providing more options for modelling. In a fully coupled
approach, there is no need of dividing the seepage and mechanical phases, this is done simultaneously.
This approach is recommended when e.g. effects on a dam body of fluctuations of the reservoir level
are assessed. However, this approach will demand more input. This is treated in the end of the chapter.
6
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More information on modelling can be retrieved from e.g. Potts & Zdravkovic (2001) and Muir Wood
(2004). Regarding the finite element method, this is not all treated in the thesis; a useful reference on
the topic is e.g. Ottosen & Peterson (1992).
Finally, validation of any numerical model is of need in order to assess the capability to replicate realistic
behaviour. As discussed by e.g. Herle (2003), the only way to evaluate numerical simulations is to
compare them with data from monitoring.
2.4 Constitutive behaviour
Constitutive behaviour is a mathematical description of the material behaviour, in this context the
stress-strain behaviour of soil. In Figure 2.4, different types of responses of stress-strain behaviour is
shown for soil under applied strain.

Figure 2.4. Responses of stress-strain behaviour of soil under applied strain. After Potts & Zdravkovic (1999).
In the leftmost part of the figure, stress-strain behaviour in its most simple form is presented with a
linearly elastic perfectly plastic relationship. This type of constitutive model will utilise the same path
for loading and unloading. Moving to more realistic behaviour, a hardening relationship is presented
in the middle part. This will correspond to more realistic soil behaviour, than the first model presented.
The second type of behaviour will both include elasticity and gradually plasticity, covering irreversible
strains. In the rightmost part of Figure 2.4, softening behaviour is shown.
Considering deformation modelling, linear elastic models are not suitable for accurate modelling as soil
behaves non-linear. However, often the linear elastic perfectly plastic Mohr Coulomb model is used,
at least as a first attempt or when the simplification can be accepted. In Figure 2.5, the stress-strain
response of the Mohr Coulomb model is presented.

Figure 2.5. Stress-strain response of the Mohr Coulomb model. After Brinkgreve et al. (2016).
7
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In Figure 2.5, both loading and unloading is presented by the same inclination. This is reflecting the
usage of one type of modulus. However, there are situations when stability is assessed and where
realistic deformation behaviour is not prioritised and the failure criterion of this model can be suitable.
The parameters of the Mohr Coulomb model are presented in Table 2.2.

Soil stiffness
parameters
Failure parameters

Table 2.2. Parameters of the Mohr Coulomb model.
Parameter
Definition
Unit
Young’s modulus
kPa (kN/m2)
ܧ
Poisson’s ratio
ߥ
Cohesion
kPa (kN/m2)
ܿ
Friction angle
°
߶Ԣ
Dilatancy angle
°
߰
Tension cut-off and
kPa (kN/m2)
ߪ௧
tensile strength

Effort has been spent on the Mohr Coulomb model for improvement of the response of the soil
behaviour. An example is the introduction of incremental stiffness of the soil, meaning that the soil
will have increased stiffness with depth.
Kovacevic et al. (2008) summarised that more advanced constitutive modelling is needed in order to
be able to represent the behaviour in the embankment dams by numerical modelling. Moving from
elastic-perfectly plastic behaviour, there are a number of non-linear models; for instance the non-linear
hyperbolic Duncan Chang model. Information on the model is found in Duncan & Chang (1970).
The drawback with this model is that the behaviour does not cover the plastic aspects. The Hardening
soil model is based on the hyperbolic Duncan-Chang model, but is extended under the framework of
plasticity. Discussion of plastic behaviour can be found in Yu (2006). The Hardening soil model has
the same failure criterion as the Mohr Coulomb model. A significant difference is that the deformation
behaviour can be more realistically modelled using the Hardening soil model in comparison to the
Mohr Coulomb model, since the stiffness is stress dependent and the model is able to distinguish
between loading and unloading response. Information on the Hardening soil model can be retrieved
from e.g. Schanz et al. (1999) or Brinkgreve et al. (2016). In Figure 2.6, the stress-strain response of
the Hardening soil model is presented.

Figure 2.6. Stress-strain response of the Hardening soil model. After Brinkgreve et al. (2016).
8
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As can be expected with a model that involves more advanced and realistic soil behaviour, more
parameters are needed to describe the mathematical relationship. For instance, three moduli are utilised
in the Hardening soil model. The parameters of the Hardening soil model are listed in Table 2.3.
Table 2.3. Parameters of the Hardening soil model.
Parameter
Definition
Cohesion
ܿ
Friction angle
߶Ԣ
Dilatancy angle
߰
Tension cut-off and
ߪ௧
tensile strength
Reference secant stiffness

for primary loading in a
ܧହ
drained triaxial test
Reference tangent

stiffness for primary
ܧௗ
oedometer loading
Reference secant stiffness

for unloading/reloading
ܧ௨
in a drained triaxial test
Power from stress-level
݉
dependency
Poisson’s ratio for
loading/unloading
ߥ௨
(default 
ߥ௨ ൌ ͲǤʹ)
Reference stress for
stiffness (default  ൌ

ͳͲͲ݇ܲܽ)
ܭ -value for normal
consolidation (default
ܭ
ܭ ൌ ͳ െ  ߶ Ԣ)
Failure ratio ݍ Ȁݍ
ܴ
(default ܴ ൌ ͲǤͻ)
Tensile strength
ߪ௧௦

Failure
parameters

Soil stiffness
parameters

Advanced
parameters

Unit
kPa (kN/m2)
°
°
kPa (kN/m2)
kPa (kN/m2)
kPa (kN/m2)
kPa (kN/m2)
-

kPa (kN/m2)
kPa (kN/m2)

What often can occur with more advanced constitutive models, such as the Hardening soil model, is
that the data available might be insufficient to determine the values of the model parameters. Some
simplifications can be adopted. A standard relationship from Brinkgreve et al. (2016) can be used for
describing the relationship between the moduli of the Hardening soil model




ଵ



ܧହ ൌ ܧௗ ൌ ή ܧ௨

(2.1)

ଷ

but, it should be taken into consideration that this is not always suitable for all soils. The moduli are
defined as follows
9
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ܧହ ൌ ܧହ ቀ

 ୡ୭ୱ థିఙయᇲ ୱ୧୬ థ

 ୡ୭ୱ థାೝ ୱ୧୬ థ



ቁ



ᇲ

ܧௗ ൌ


ܧௗ



ቌ

ܧ௨ ൌ ܧ௨ ቀ

య
 ୡ୭ୱ థି 
ୱ୧୬ థ
಼బ

 ୡ୭ୱ థିೝ ୱ୧୬ థ

 ୡ୭ୱ థିఙయᇲ ୱ୧୬ థ
 ୡ୭ୱ థାೝ ୱ୧୬ థ

(2.2)

ቍ

(2.3)



ቁ

(2.4)

with parameters from Table 2.3 and the minor principal effective stress, ɐᇱଷ . As can be expected, all
models do have different situations where they are applicable. The application areas of standard models
available in the PLAXIS finite element program are listed in Brinkgreve et al. (2016). Another
reference for information on constitutive models, where advantages and disadvantages with commonly
used constitutive models are highlighted is Karstunen & Amavasi (2017). Information on other
constitutive models, especially in the research area, can be found in the soilmodels.info library.
2.5 Hydraulic modelling
A hydraulic model is needed when running a fully coupled analysis, such a model is used in
combination with a constitutive model (as presented in in the previous part). Hydraulic models are
available for soil in order to take into account the saturation of the material and its effects. Changed
permeability with changed water content in the soil can be accounted for by soil-water characteristic
curves, presented in van Genuchten (1980) and Brinkgreve et al. (2016).
There are also constitutive models available that are covering the unsaturated behaviour of soil, where
both the mechanical and hydraulic behaviour is incorporated in one mathematical model. Information
on such a model can be found in e.g. Alonso et al. (1990). Information on unsaturated behaviour in
dams is handled in e.g. Alonso & Pinyol (2008).
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3 MODELLING APPROACH BY MANUAL BACK ANALYSIS
In this chapter a “usual” approach to modelling embankment dams is presented. The object of this case study is
the Mornos dam. The material in this chapter is to a large extent based on Paper 1, which formed one of the
contributions at the ICOLD Benchmark Workshop in 2017. Arching and cracking of the core was evaluated in
Paper 1, but in the thesis the focus is more on the quantities that can be monitored. For information on arching
and cracking see e.g Dounias et al. (1996) or Djarwadi et al. (2017).
3.1 The Mornos dam
The Mornos dam, located in Greece, is a 139 metres high earth dam with a central clay core. The
central core consists of alluvial clay and of weathered flysch mudrocks. The foundation consists of
bedrock and includes a wide trench through the 10 metres deep river gravels. The shoulders are made
of well-compacted river gravels. A typical cross section of the dam is shown in Figure 3.1.

Figure 3.1. Typical cross section of the Mornos dam, where (1) impervious clay core, (2) filter zones, (3)
shoulder material, (4) base river gravel, (5) bedrock, (6) inspection/grout curtain gallery and (7) grout curtain.
After Dounias (2017).
Construction of the dam began in June 1973 and was completed in October 1976. The impoundment
of the reservoir started in late December 1978, stretching over approximately two years. An overview
is shown in Figure 3.2, for which the sections shown in Figure 3.1 is representable.

Figure 3.2. Top views of the Mornos dam, left part after Dounias (2017) and right part from Google Earth.
The geotechnical instrumentation for the dam is shown in Figure 3.3, which corresponds to section
7-7’ from Figure 3.2.
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Figure 3.3. Cross section of the dam, including geotechnical instrumentation. After Dounias (2018).
3.2 Finite element modelling
For this study, the finite element code PLAXIS 2D 2016 is utilised. PLAXIS 2D is a software for twodimensional analyses. It is developed for deformation, stability and groundwater flow computations in
geotechnical engineering. More information on the used finite element code is available in Brinkgreve
et al. (2016).
As modelling in two dimensions is utilised, the cross section from Figure 3.2 is modelled under the
assumption of plane strain conditions. The cross section is somewhat idealised when importing the
geometry to the finite element code. The cofferdam, inspection/grout gallery and grout curtain are
omitted.
For the dam zones, different drainage behaviours are assigned. The clay core is modelled to represent
undrained behaviour, based on effective parameters in PLAXIS. The Skempton B factor is applied for
the core, see more information in Paper 1. The rest of the dam body is modelled under drained
conditions.
For the construction of the dam, computational phases allowing development and dissipation of the
excess pore pressure with changes in loading or with time were adopted. In Brinkgreve et al. (2016),
the manual of the PLAXIS code, fully coupled flow-deformation analyses are recommended when
pore pressure and deformations are of interest as a result of time-dependent changes in the boundary
conditions. The fully coupled approach is adopted for modelling of the impoundment and the
fluctuations.
For the fully coupled analysis, the hydraulic properties of the soil need to be specified. For this analysis,
the van Genuchten soil water characteristic curves have been used. The soil-water characteristic curves
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give an indication of how the permeability differs with changes in the water content, see e.g. van
Genuchten (1980) Since a limited amount of data was available, two approaches were applied:
x
x

One approach is to assign the hydraulic conductivity and keep the rest of the hydraulic properties as
pre-defined (based on soil type). Referred to as “HYDR-1”.
The other approach is to base the hydraulic properties completely on data for the soil type, where the
finite element code uses a database for the hydraulic properties. Referred to as “HYDR-2”.

Standard deformation boundary conditions were applied to the finite element model. The vertical
model boundaries were set to horizontally fixed and free to move vertically. The bottom of the model
was fully fixed. For the seepage, the foundation is modelled as impermeable. The upstream boundary
is time dependent, while the downstream boundary is kept at a constant level.
Figure 3.4 shows an illustration of the finite element model. The horizontal layers used for simulation
of the construction are shown. The upstream “box” is indicating the time dependent reservoir water
level. Internal distribution of the pore water pressure is computed in the fully coupled analysis, having
the upstream varying level and downstream fixed level acting as hydraulic boundary conditions.

Figure 3.4. Finite element model of the dam.
The finite element modelling is performed in several stages in PLAXIS, with computational phases as
follows:
1. Initial phase.
x Bedrock and river gravel are modelled. The “K0 procedure” is applied, since all layers in the
geometry are horizontal. All initial stresses are computed from Jaky’s formula.
x The elevation of the phreatic line is slightly under level +317.5.
2. Excavation of the river gravel.
x At the position of the planned core trench, excavation of the river gravels is modelled.
x The assumed time for the excavation is 14 days.
3. Construction of the dam in 14 layers.
x The model is build up in layers, in order to reflect the construction process and to generate a proper
initial stress field. Layered modelling is discussed in e.g. Kovacevic (1994).
x The first part of the construction of the dam is the core trench.
x The construction time is 1 248 days. The time for each layer was related to the cross-sectional area
of the layers, meaning decreased construction time with each higher located lift.
x The displacements are reset to zero in the beginning of this phase, meaning that all displacements
are counted from this phase and forward.
4. “Rest” phase.
x This phase simulates the break between the end of construction and start of impoundment, which
was 972 days equivalent to almost three years.
x No modifications of the dam model.
x Pore pressure is allowed to dissipate with time in this computational phase.
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5. Impoundment of the reservoir.
x Fully coupled flow-deformation analysis.
x The impoundment is modelled, reaching the maximum reservoir level at elevation +435.
x The time is 731 days, approximately two years.
6. Reservoir fluctuations.
x Fully coupled flow-deformation analysis.
x Fluctuations according to the simplified data are modelled, full information is shown in Paper 1.
x The time is 12 934 days, almost 35.5 years.

The finite element model was discretised by applying 15-noded triangular elements to the dam
geometry. In total, 13 851 elements were used. A denser element mesh was tested, which increased
the computation time but did not have any significant effects on the results. 13 851 elements were
therefore considered as suitable for the computations.
3.3 Constitutive modelling
3.3.1 Dam body
Initially, modelling with the simple constitutive model Mohr Coulomb was conducted, involving
implementation of the parameters given in Paper 1. The results are not presented since the agreement
with the given data on deformations was not at all satisfactory, even after modifications of the moduli
values. Instead, the constitutive model Hardening soil was used for further work.
The model calibration was only based on trial-and-error, aiming to fit the response of the model to
the deformations measured in the dam. The material parameter values, after some model calibration,
are presented in Paper 1. The deformations in the finite element model were compared to the
measured deformations, with a summary as follows:
x
x
x

After completion of the construction, the maximum settlements in the core are 182 cm at the level
+410 in the finite element model. At the level of +392 where the maximum deformations were
measured in reality, the response in the numerical model is 171 cm.
The difference in settlements between the central part and downstream shoulder, in the position of the
settlement plates’ array (Figure 3.3), is at most 120 cm after the construction is complete. The difference
is underestimated by 30 cm in the numerical model, compared to the real measurements.
Post construction settlements are not at all well covered by the finite element model, where the
settlement after construction have reached 13 cm at the crest in the model whereas the measured value
is 65 cm.

3.3.2 Foundation
The deformations of the foundation are not taken into consideration, as suggested in the workshop
information by Dounias (2017). The foundation is modelled with both high strength and high stiffness
with the simpler constitutive model Mohr Coulomb. Non-porous behaviour is applied, meaning that
the pore pressures in the foundation are not considered. Flow is allowed in the former riverbed. The
properties used for the foundation are presented in Paper 1.
3.4 Predictions and field measurements
From the monitoring of Mornos dam, data has been available to compare with the results of the
numerical modelling. The data presented in this part is from two sections of the Mornos dam, sections
A and B. Section 7’-7 is the analysed section in this paper, shown in Figure 3.2. Section 6’-6 is an
adjacent section, located more towards the middle of the dam.
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Elevation [masl]

3.4.1 Settlement
Monitoring of settlements is performed in positions shown in Figure 3.3. Data from plates 7-2
(centreline) and 7-3 (downstream) in Section 7’-7 are compared to settlements from the numerical
model. The measurement data in Figure 3.5 is from October 1988, corresponding to the modelling
phase of reservoir fluctuations. In order to compare the settlements, data from the same time was
extracted from the numerical computations.
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Figure 3.5. Settlements in the dam body, monitoring and computations.
From Figure 3.5 it is shown that the core settlements are larger in reality than in the model. Firstly,
the calibration was performed towards the maximum settlement of the core thereafter adjusted to the
differential settlements. Since the calibration was done towards the differential settlements, the
settlements of the downstream part are also underestimated. The whole dam settles less in the model
than in reality, but the difference between the upstream and downstream is still not that far away from
the measured value (differential settlement).
3.4.2 Pore pressure
The measured and computed pore water pressure at the dam centreline is shown in Figure 3.6. For
Section 7’-7, measurements of the pore water pressure were not available after construction. At the
end of construction, the parameter set HYDR-1 is underestimating the pore water pressure. For the
set HYDR-2, there are no significant pore pressure at the end of construction. Besides the hydraulic
properties, the time assumptions for the modelling of the construction process is a factor that can affect
the magnitude of the pore pressure.
After impoundment, the set HYDR-1 is still resulting in underestimation of the pore pressure. The
set HYDR-2 is overestimating the pore pressure in the upper part of the core, whereas the pore
pressures are underestimated in the bottom part.
For the final stage, after fluctuations, the pore pressure is underestimated by the set HYDR-1 in the
upper part and are quite well replicated in the bottom part. The pore pressures as a result of HYDR2 are well corresponding to the measured values. A similar response of the two approaches can be
observed for the horizontal sections at elevations +350 and +390, for which monitoring data is
available.
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Figure 3.6. Pore water pressure in the dam centreline, monitoring and computations: (I) after construction, (II)
end of impoundment and (III) after fluctuations.
The hydraulic parameter set HYDR-1 includes lower hydraulic conductivity than HYDR-2. If the
conductivity is higher, the dissipation of excess pore pressure will be faster in (I) and the phreatic level
in the core is going to rise faster in (II) and (III). The results indicate that the given hydraulic
conductivity is too low for modelling the long term pore pressure development in the core. Another
assumption that can affect the results, is that the hydraulic conductivity is assumed to be equal in both
vertical and horizontal direction.
3.4.3 Total stress
The vertical total stresses, from measurements and computations, are plotted in Figure 3.7 for the
elevation +365. There are discrepancies in the stresses between measured and computed values, while
the general trend has been replicated. Higher stress in the dam shoulders than in the dam core are seen
in the measurements, indicating that arching is occurring. The same behavioural trend is confirmed
also from the horizontal section +400, when comparing the data from monitoring and computations.
In Figure 3.7 there are distortions of the stresses at the upstream side of the dam, considering the
computational results. The same effect was noted by Kainrath & Tschernutter (2018), which were one
of the other contributors at the ICOLD Benchmark Workshop 2017.
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Figure 3.7. Vertical total stress in horizontal section +365, monitoring and computations: (I) end of
impoundment and (II) after fluctuations.
3.5 How to improve the numerical model
The trial-and-error calibration of the numerical model is rather crude. Below follows suggestions for
potential improvement of the response in the numerical model:
x

x

x
x

x

Preferably, the model parameter values for the Hardening soil model should be derived from triaxial
and oedometer tests, then the simplifications for relation of the moduli will not be needed as shown in
Equation 2.1. If laboratory testing in not an option, back analysis could be conducted, see Chapter 4.
In such an analysis, data from existing measurements is utilised for calibration of the parameters by
optimisation for the chosen constitutive model.
Even though the trends of the field behaviour are captured, in order to be able to produce better
predictions more suitable parameters are required for the constitutive models that are representing the
stress strain relationship of the soil material.
For modelling of the reservoir fluctuations, a constitutive model that can handle cyclic loading could
be employed. An option in the PLAXIS library is the Hardening soil small model, which can to some
extent handle the cyclic loading in contrary to the standard Hardening soil model.
For the clay core, a constitutive model that is developed for clayey soils is believed to improve the
response considering the long term behaviour. The possibility of the core modelling being inadequate,
is also pointed out in the workshop summary by Dounias (2018). From the PLAXIS standard models
the Soft soil or Soft soil creep models could be some options or the user defined model Creep-SCLAY1,
Sivasithampram et al. (2015). The user defined Barcelona Basic model Pedroso et al. (2011) could also
be employed for the clay core, where the stress-strain response of unsaturated soil is properly described.
In cases where the constitutive model is advanced, the parameters could be optimised, under the
condition that laboratory tests are available. This is for instance needed if using a model with the
complexity of Creep-SCLAY1.
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4 PARAMETER IDENTIFICATION BY INVERSE ANALYSIS
In this chapter, an overview of the parameter identification process is given. The name of the process is back analysis
or inverse analysis. Today, also the term “digital twin” can be found. Essentially, these are notions of calibration
processes of numerical models towards measurements for obtaining material characteristics of the analysed object.
When parameters are difficult to retrieve, as in the case of embankment dams, or when parameters are
difficult to determine, in cases when the constitutive models have parameters without real physical
meaning, is when parameter an identification method becomes useful. The whole idea of inverse
analysis is to calibrate a numerical model (e.g. finite element model) towards a set of real physical
measurements (e.g. deformations). By doing so, the values of the parameters in a constitutive model
are updated until the discrepancy between measurements and modelling are minimised. Hence,
suitable material parameter values for the chosen constitutive model and for the application are found.
An overview of such a calibration is shown in Figure 4.1, where a numerical model and an optimisation
code interact in the parameter identification process.

Figure 4.1. Components in the parameter identification process.
4.1 Background of inverse analysis
Based on ideas of Tarantola (1987), inverse analysis was adopted to geomechanics in the 1980s by
Gioda & Maier (1980). In those studies a tunnel excavation was modelled and the values for rock mass
parameters were identified. The field of inverse analysis was further explored by Cividini et al. (1981),
where soft deposits with sand drains under a homogeneous railway embankment were focused on.
Sakurai (1983), Sakurai & Takeuchi (1983) and Hisatake & Ito (1985) utilized inverse analysis for
tunnel excavations. Further, Arai et al. (1984) applied the methodology for a consolidation analysis.
Gens et al. (1988), Ledesma et al. (1996), Gens et al. (1996) and Ledesma & Romero (1997)
investigated cases of tunnels and excavations. Calvello & Finno (2002) identified parameters for triaxial
tests, showing that inverse analysis has been conducted for geotechnical objects at various scales.
Malécot et al. (2004) performed inverse analysis for a synthetic sheet pile wall, testing a gradient method
and a genetic algorithm in the identification process, studying the efficiency of different search
algorithms. Levasseur (2007), Levasseur et al. (2007) and Rechea et al. (2008) investigated
pressuremeter tests and excavations. Levasseur et al. (2009) and Levasseur et al. (2010) focused on post
processing of the solutions obtained by the analysis, incorporating statistics to deal with the nonuniqueness of the problems.
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Finno & Calvello (2005) conducted inverse analysis for an excavation, re-evaluating parameters during
the construction. Hashash et al. (2010) also modelled an excavation, but investigated a case of three
dimensional modelling. Zhao et al. (2014), showed a method of parallel computing in inverse analysis.
This was making the optimisation process less computational costly. Zhao et al. (2015) presented a case
study of back analysis of a tunnel, including prediction computations of deformations.
In the thesis of de Santos (2015), a tunnel excavation was used in order to illustrate the benefits of
employing more efficient search algorithms. Also, it was pointed out that inverse analysis can be
advantageous if dealing with conditions when the samples taken for laboratory testing do not represent
the whole object of interest. That the scale is too small for representing the field conditions.
Multi objective optimisation was performed by Papon et al. (2012), combining different types of
measurements in the parameter identification.
Parameter identification by inverse analysis has been applied to a broad number of cases, both synthetic
and real ones. Up until the studies of Vahdati et al. (2013a, 2013b & 2014), there was to the author’s
knowledge, no inverse analyses performed for embankment dams.
4.2 Components in the optimisation code
The optimisation code used in this research was developed by Levasseur (2007) in the FORTRAN
programming language. This optimisation code is interacting with PLAXIS 2D 2014 in order to
perform the inverse analysis.
4.2.1 Objective function
The discrepancy between the measured values and the modelled values is evaluated by a scalar objective
function, suggested by Levasseur et al. (2007). The objective function is based upon the least squares
method
మ
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whereܰ is the number of measurement points, ܷ the measured values, here synthetic deformations
from the position of an inclinometer. ܷ is the corresponding deformation values from the numerical
computation. The parameter οܷ consists of two terms
οܷ ൌ ߝ  ߙܷ

(4.2)

where ߝ in the first term controls an absolute error and the dimensionless parameter ߙ in the second
term controls a dimensionless relative error. The focus is laid on the absolute error, meaning ߝ ൌ ͳ
and ߙ ൌ Ͳ. By applying these factors, the objective function will be simplified to
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and it can now be interpreted to have the unit of length for the inclinometer measurements.
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4.2.2 Optimisation algorithm
In literature, many optimisation methods have been defined. The task of such algorithms is to minimise
or maximise the objective function, which evaluates the discrepancy between measurements and
modelling. Three main categories of optimisation methods can be found:
x

x

x

Gradient based
The gradient based methods require the derivative of the objective function. Smoothness of the
objective function surface in the search space becomes of importance when choosing this type of
optimisation algorithm, meaning that the objective function has to be continuous and differentiable in
the whole domain. Some examples of gradient based methods are Gauss-Newton and Marquardt.
Direct
Direct methods do not have the need to use the gradient of the objective function, the value of the
objective function will be utilised instead. The simplex algorithm and genetic algorithms are some
examples of direct methods.
Hybrid
Hybrid methods are also available, where several optimisation methods are combined in order to make
the optimisation process more efficient.

In this research, the genetic algorithm has been employed for minimising the objective function.
Incorporating artificial intelligence in search algorithms was pioneered in the 1970s by John Holland.
Genetic algorithms are built on the principles of evolution, imitating the processes that take place in
nature. Goldberg (1989) continued the work of Holland (1975). The genetic algorithms are not
restricted by continuity and existence of derivatives for the objective function, meaning not being
restricted by the smoothness properties of the search domain.
In Figure 4.2 an example of a search field is shown where different types of optima are shown, where
both global and local points are occurring.

Figure 4.2. Example of global and local optima of a two-dimensional function. After Weise (2009) and
Nguyen-Tuan (2014).
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When the algorithm is handling the parameter values, binary coding is utilised. The binary coding is
schematically presented in Figure 4.3. The parameters aimed to identify are binary coded in a bit string,
creating a gene. The genes, in turn, form an individual. E.g. if three parameters are to be identified,
the individual would have the structure as in Figure 4.3.

Figure 4.3. Schematic illustration of the binary coding of the genetic algorithm. After Levasseur (2007).
Different levels of the genetic algorithm are presented in Figure 4.4. Individuals are forming
populations, which are produced with the aim to explore the search domain.

Figure 4.4. Schematic illustration of the different levels of the genetic algorithm. After Levasseur (2007).
When the genetic algorithm is initially exploring the search domain, an initial population with the size
of ܰ is randomly created. In order to determine what solutions are valuable, the fitness of the
individuals is evaluated. The fitness is evaluated for each individual by computation of the objective
function, creating a measurement of how well the individual has performed in the search domain.
The size of the initial population is twice the size of the following populations in the computations.
From the initial generation, the ܰ Ȁ͵ with best fitness, are chosen for the next generation. The chosen
individuals are regarded as parents for the next generation.
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In order to create new solutions, reproductive processes (selection, crossover and mutation) are applied.
By combining the good solutions of the parent generation, the children get a part of the genetic
material from their both parents. The most common form of mating, is that two parents produce two
children. A schematic presentation of the crossover process is shown in Figure 4.5.

Figure 4.5. Crossover process. After de Santos (2015).
The crossover process in known as exploitation, where the role of the process is to promote areas in
the search domain with potentially high fitness (e.g. low value of the objective function).
Mutation is the random variation of bits. A nonzero mutation probability is recommended by e.g.
Goldberg (1989), since this would allow diversity in the population. This process is known as
exploration, where potentially new high fitness areas in the search domain are found. A sketch of the
mutation process is shown in Figure 4.6.

Figure 4.6. Mutation process. After de Santos (2015).
4.2.3 Interaction with a numerical model
The FORTRAN optimisation code is interacting with PLAXIS 2D 2014, in the search of suitable
material parameter values. However, knowing what parameters to update is essential. This will depend
on the physical measurements from the object that is investigated. A sensitivity analysis must be
performed before any optimisation is conducted. In the chosen constitutive model, the most sensitive
parameters to the physical measurements are calibrated. Before starting the optimisation, search ranges
are needed to be determined for the parameters that are identified as most sensitive.
Under the optimisation, the numerical model is continuously updated until the response of the
numerical model corresponds to the physical measurement that is chosen for the analysis. The “loop”
will continue until the stop criterion of the optimisation is met. In Figure 4.7, a chart of the
optimisation process is shown.
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Figure 4.7. Flow chart of the optimisation process.
4.2.4 Evaluation of “good” solutions
When conducting an inverse analysis one of the challenges will be to identify proper range of values
of the material parameters, as many solutions will be suitable. This question covers a whole category
of research, dealing with non-uniqueness of inverse problems, see e.g. Shrot & Bäker (2012).
An approach to handle the number of solutions produced by the search strategy, is to statistically treat
the solutions, in order to identify a proper range of the material parameter values. In Levasseur (2007),
principal component analysis was utilised in order to find the best suitable solutions among many
possible.
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5 APPLICATION OF INVERSE ANALYSIS TOWARDS
BETTER PREDICTIONS
In this chapter studies of an embankment dam located in Northern Sweden are presented. This involves parameter
identification as well as predictions based on optimised parameter values. Previous research from LTU as well as
material from Papers 2 and 3 is included.
5.1 The embankment dam
The studied hydropower dam, located in Northern Sweden, was constructed in the 1960s. The dam
is built with a central, impervious core of glacial till surrounded by fine and coarse filters. As supporting
material (shoulder), rockfill was used. The foundation consists partially of rock and partially of glacial
till. At its highest cross section the dam is 45 metres high. The inclinations of the slopes are 1:1.85
(V:H) and 1:1.7 (V:H) for the upstream and downstream slope, respectively. A typical cross section is
shown in Figure 5.1.

Figure 5.1. Typical cross section. The elevation is given in metres above sea level (masl).
Following the Swedish dam safety guidelines, RIDAS, by Svensk energi (2016) the studied
hydropower dam needed strengthening actions. Strengthening actions by berm construction have been
performed in the early 1990s, under which the dam exhibited an unexpected behaviour. Displacements
of larger magnitude than expected were noticed upon placement of the upper part of the downstream
berm. The strengthening actions on the dam are shown in Figure 5.2.

Original geometry

Strengthening by first part of berm in 1990

Strengthening by second part of berm in
Strengthening by new berm in 2016
1993
Figure 5.2. Strengthening actions on the dam.
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When the strengthening actions in 2016 were conducted in form of the new berm, the monitoring of
deformation behaviour was performed more frequently than before. This was performed since it was
not certain what behaviour the dam would exhibit and how it would affect the dam.
Hunter (2003) summarised a large number of data on embankment dams and their deformational
behaviour. The dam presented in this chapter, can be assessed to have exerted abnormally large
deformations compared to other dams of similar height and zoning. A plausible cause for this might
be the rockfill quality and the way the shoulder material was placed during the construction of the
dam.
In order to assess the deformational behaviour of the dam, several studies have been conducted for the
different strengthening actions shown in Figure 5.2. Finite element modelling has been utilised.
5.2 Finite element modelling
Since the studied dam is a long structure, it was appropriate to assume plane strain conditions and
conduct two dimensional modelling. The utilised finite element software was PLAXIS 2D.
Information about the finite element program can be found in Brinkgreve et al. (2016).
Minor modifications to the original cross section, shown in Figure 5.1, were performed when idealising
the geometry into the finite element model, see Figure 5.2. The modifications were:
x
x

The upstream cofferdam was neglected due to the similarity in its material properties compared to the
properties of the shoulder material.
Since consolidation time was not of interest, the horizontal filters were omitted.

All dam zones were modelled to represent drained behaviour, with exception of the core where
undrained behaviour was assigned. Undrained behaviour of the core was modelled by using effective
parameters in PLAXIS, called “Undrained A” in the finite element program. Since the glacial till core
has a low permeability, undrained behaviour can be expected.
Hydraulic conditions have been based on computation results provided from the dam owner. The
phreatic line is based on steady state computations performed with the program GeoStudio SEEP/W
and on monitoring data. The phreatic line is shown in Figure 5.3.

Figure 5.3. The phreatic line in the embankment dam.
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The modelling in PLAXIS is performed in several steps, following the real construction sequence of
the dam, with the procedure as:
x

x

x
x
x
x

x
x

Construction
The dam body was built up in five steps, each consisting of equally thick layers. In this way, the
construction sequence is mimicked and a proper initial stress field is obtained. Full saturation of the
core is assumed. The “K0 procedure” is adapted, using Jaky’s formula for the ratio between the
vertical and horizontal stress. Full dissipation of the excess pore water pressure that are built up during
construction are performed after the dam has been constructed.
Impoundment
Filling of the reservoir to +440 metres above sea level (masl). The phreatic line, shown in Figure
5.3, is based on seepage computations and monitoring data. The excess pore pressures in the core
were fully dissipated.
Low reservoir level
Lowering of the reservoir level to +430 masl.
First part of berm
Construction of the lower part of the downstream berm in 1990, see Figure 5.2.
Normal reservoir level
Raise to +440 masl. and full dissipation of excess pore pressures in the core.
Second part of berm
In the next computational phase, the upper part of the berm was built (1993). Deformations were
extracted in the inclinometer position directly after the final construction, not allowing the excess
pore pressures in the core to dissipate.
“Rest” phase
Excess pore pressures in the core were allowed to dissipate.
New berm
Construction of the new berm (2016).

The size of the geometry model was chosen so that the conditions at the boundaries became realistic.
Standard fixities were chosen for generation of boundary conditions, meaning that the outer vertical
boundary lines were normally fixed and the bottom boundary line was fully fixed.
Local refinement of the mesh was performed especially in the area were the inclinometer is installed,
to obtain higher accuracy of the computations and also because nodes need to coincide with the
inclinometer measuring points when performing the inverse analysis. A suitable mesh for the
computation accuracy was chosen by gradually decreasing the element size, until the results did not
vary significantly. By this procedure, a sufficient accuracy is obtained while minimising the
computation time.
5.3 Parameter identification for the embankment dam
In Vahdati et al. (2013a, 2013b & 2014) parameter identification was conducted for the dam introduced
in this chapter. The field measurement used in the model calibration was inclinometer measurements
from Inclinometer 1 in Figure 5.1. For the different modelling phases until construction of upper part
of the berm, inverse analysis was conducted. In order to determine what material parameter values to
identify, a sensitivity analysis is firstly conducted. The sensitivity analyses were conducted by changing
one parameter at the time in order to assess the effect on the chosen field measurement that the
calibration is conducted towards.
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Of importance is also to confirming that the inverse analysis method works. Validation of the
technique, by computational cases incorporating synthetic data, were performed by Levasseur (2007)
as a part of the development of the inverse analysis methodology.
From previous studies, listed in Table 5.1, two computational cases were focused on. Below, in Figure
5.4 these computational cases are called “A” and “B”.

Case A, first part of berm and low water
Case B, second part of berm and high water
level
level
Figure 5.4. Computational cases A and B.
Case A is the situation when the first part of the downstream berm was constructed, while the reservoir
level was maintained at a low level of +430 masl (minimum level). For the other computational Case
B, the second part of the downstream berm was constructed and the reservoir level was at a high level
of +440 masl (maximum level). All used deformation data that the inverse analysis data was from the
position of Inclinometer 1 in Figure 5.1.
Table 5.1. Parameter identification studies for the embankment dam, previous studies.
Optimisation
Optimisation
Constitutive
Study
Data type
Case
parameter 1
parameter 2
model
Vahdati et al.
Synthetic
A
Core *1)
Shoulder *1)
Mohr Coulomb
(2013a)
and real
Mohr Coulomb
Vahdati et al.
Real
A
Core *1)
Shoulder *1) with incremental
(2013b)
stiffness
Vahdati et al.
Real
A+B
Core *2)
Shoulder *2)
Hardening soil
(2014)
*1) Young’s modulus
*2) Reference secant stiffness
For the firstly listed study in Table 5.1, a case of synthetic data (i.e. numerically modelled inclinometer
data) was tested. A very good agreement was obtained towards the known global optimum. Since the
optimum solution was known, it could be easily seen how close the found solutions are were the
global solution. This was a first step to confirm that the methodology could be applied to embankment
dams. Even though a very simple constitutive model was employed, this was just an advantage since
the global solution was generated based on this model. However, when using real inclinometer data
the agreement obtained was not good with this simple constitutive model. This implied that a better
constitutive model should be used in order to capture the deformational behaviour of the dam. In the
next step, a more advances Mohr Coulomb model was chosen, simulating an increasing stiffness with
depth. Thereafter, Hardening soil that is one of the better standard constitutive models in the PLAXIS
library was utilised. The usage of this model allowed for a better agreement with the real deformational
behaviour of the dam. The result of the studies mentioned are summarised in Figure 5.5.
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Observation, Inclinometer 1
Mohr Coulomb
Mohr-Coulomb incremental stiffness
Hardening soil
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Figure 5.5. Calibrations for Case B, showing best solution for the constitutive models: Mohr Coulomb, Mohr
Coulomb with incremental stiffness and Hardening soil. Modified after Vahdati (2014).
After the inverse analysis was conducted with the best fit against the observed deformations in Figure
5.5, a suitable range of the suitable optimisation parameter values could be determined. In Table 5.2,
the moduli for the Hardening soil model are presented, as this was the constitutive model producing
the best results.
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Table 5.2. Values of the moduli for the different dam zones.
ͳ 


ܧହ ൌ ͲǤ ή ܧௗ ൌ ή ܧ௨
͵
Zone

70-100*
50
50
10-17*
10

Core
Fine filter
Coarse filter
Shoulder
Berm
*Ranges for the optimisation parameters

As seen in Table 5.2, ranges were evaluated for the optimised parameters. For the glacial till of the
core, 70-100 MPa were found to be suitable. Considering the shoulder rockfill, 10-17 MPa were
determined to be an appropriate range. Also, in the results of the inverse analyses by Vahdati et al.
(2014) there are indications that the shoulder material experienced a reduction of the stiffness moduli
upon placement of the upper berm part. This is consistent with information from dam documentation,
where the rockfill material has shown to be sensitive to increased stress due to the high content of
mica. The sensitivity of increases stress was seen when conducting laboratory tests on the rockfill
material. It is seen that running a parameter identification for several cases is of value. Here it is clear
that a parameter value update is necessary, from Case A to Case B, since there are changes occurring
in the shoulder material.
In summary, what can be seen from the previous studies is that:
x

Inverse analysis was shown to be an applicable non-destructive method for identifying soil parameter
values in an embankment dam.
The response of the Hardening soil is outperforming the response of the Mohr Coulomb model. This
is what can be expected, as was shown by Kovacevic et al. (2008) when employing constitutive models
that can take more advanced soil behaviour into consideration.

x

5.3.1 Identified parameter values – realistic?
In order to assess if the identified soil parameter values are realistic, values from other studies involving
similar material are compared to the values from the inverse analysis. The comparison is done for
reference secant stiffness values of the Hardening soil model, since this model was providing the best
fit to the real deformations occurring in the dam.
x

x

From documentation provided by the dam owner, there are some results from evaluation of the
stiffness of the glacial till that is used for the core. A value of 32.5 MPa for the reference secant
stiffness was evaluated, meaning that the obtained values (70-100 MPa) from the inverse analysis are
somewhat high.
In the study by Honkanadavar & Sharma (2016), values for the Hardening soil model considering
rockfill material from a dam are evaluated. The values are evaluated from triaxial testing and found
to be in a range of 30-130 MPa for the reference secant stiffness. The range around 10-17 MPa from
the inverse analysis, can be considered quite low. On the other hand, as pointed out before the
rockfill material is of such quality that it has shown high compressibility, so a smaller stiffness it to be
expected.
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x

Also, it is quite difficult to find publications for comparison, where the sane type of material is studied.
This is an indication that if dealing with more advanced constitutive models, it could become more
challenging to determine if the obtained values are realistic.

5.4 “Manual” model calibration
In a study by the dam owner, a simpler model calibration was performed where no automatized
methods were utilised. As in Chapter 2, the computations are based on “usual” modelling techniques.
The modelling was performed in PLAXIS, using the Hardening soil model. A number of assumptions
regarding the constitutive relationships of the material in the dam body were applied, due to lack of
data from the material in the dam. The only testing performed, was of the glacial till, where parameters
were available for.
Several cases were simulated in order to try to fit the response to the field data from the position of
Inclinometer 1 in Figure 5.2, using the Hardening soil model. Cases 1-4 in Figure 5.6 correspond to
a range of values for the moduli of the rockfill material.

Figure 5.6. Predictions and measurements from dam documentation, values from the position of Inclinometer 1.
It is seen in Figure 5.6 that the cases tested in the study of the dam owner are not reaching as good
agreement of deformations in the inclinometer position as of the study shown in Figure 5.5. This is
making it clear that there are benefits of performing more advanced model calibrations in order to
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reach better agreement with the reality. Hence, one step further was taken towards having a better
base for predictions of dam behaviour by inverse analysis.
5.5 Predictions
The predictions in this chapter are to a large extent based on the data from the described inverse
analysis. The predictions of deformations are divided into two parts, which are:
x

x

Before event
This part includes predictions that were conducted prior to planned dam safety measures for the dam
introduced in this chapter.
After event
Predictions were also adjusted according to as-built geometry and compared to field data.

5.5.1 Before event
Predictions of Class A, according to the terminology by Lambe (1973), were conducted in Paper 2.
The computations were performed with the aim to assess if the planned dam safety measures could be
performed according to the planned design. The aim was also to show how the directions and
magnitude of the deformations caused by the dam safety measures. The safety was assessed in terms of
computing the factor of safety. However, in the thesis only the predictions of deformations are focused
on. For the dam presented in Figure 5.1, three computational cases were performed. The computations
were performed for three dam sections, presented in Figures 5.7-5.9. Details on modelling can be
found in Paper 2.

Figure 5.7. Case I, excavation at the downstream side of the dam.
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Figure 5.8. Case II, construction of a downstream stabilising berm.

Figure 5.9. Case III, excavation in the toe at the downstream side of the dam.
For modelling of Case I, parameters for the glacial till foundation were obtained from data of glacial
till slopes nearby the dam. Here, the modulus provided was evaluated from CPT (cone penetration
test). For CPT testing information and description of the usual way to process the field data into moduli
values, see Swedish Geotechnical Institute (2015). The moduli values were used as input for the Mohr
Coulomb model. For the rest of the dam body, the Mohr Coulomb model with incremental stiffness
was applied. However, most of the excavation was conducted in glacial till so that the most influential
parameter values were the ones from the glacial till.
In the used Mohr Coulomb model the unloading behaviour is too soft, yielding an unrealistic heave
of the excavation bottom. The deformations for the excavation in Paper 2 were far too large
compared with what could be observed in field. This is the consequence of having a constitutive model
that utilises the same unloading-reloading line.
For the computational cases II and III material parameter values from Table 5 were used. Regarding
the stabilising berm, the predicted deformations were also larger than what was observed. A part of the
reason is that the berm was slimmed down compared to the planned design at the time the prediction
was performed. As can be expected with a geometry of the berm that is smaller than planned, the
computed deformations exceeded the observed ones.
For the excavation in the toe berm no deformations were noticed in field, from this it can be
interpreted that the deformations are difficult to capture when they are small. This is really a three
dimensional problem. Since the modelling was conducted two dimensional, effects of the rockfill at
the sides of the excavation could not be taken into consideration.
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5.5.2 After event
In this subchapter, focus is laid on the part where the stabilising downstream berm is modelled (Case
II) as this is the case for which field data was available after the event. In Paper 3, Class C1 predictions
were performed for the case of constructing a berm on the downstream side of the dam. The model
finite element was updated with an as-built geometry, compared to the study by Paper 2. From Table
5.2, combinations of values in the ranges of the optimisation parameters were used in order to
investigate what material parameter values were the best fit (most realistic) for the predictions. The
combinations used for the modelling are presented in Table 5.3.
Table 5.3. Combinations of the moduli for the optimised parameters.


Combination
I
II
III
IV
V



Core ܧହ

Shoulder ܧହ


85 (Average)
70 (Low)
100 (High)
70 (Low)
100 (High)


13.5 (Average)
10 (Low)
17 (High)
17 (High)
10 (Low)

The result from the finite element computations, in Figure 5.10, is showing the effect on the dam
body of the added new berm in terms of total deformations. Combination I, from Table 5.3, is used
as input for the values of the optimisation parameters. The magnitude of the total deformations, at the
stage when the construction of the berm is completed, is shown by shadings in Figure 5.10. The
arrows, which lenghts are not to scale, are indicating the direction of the deformations.
Inclinometer 2
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Figure 5.10. Total deformations from the finite element computations.
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The direction of the deformations on the upstream side of the core are almost horizontal. In the core,
deformation directions are horizontal. On the downstream side of the core, the deformations are
starting to be more skewed in the rockfill part. Even further downstream, under the new berm, the
deformations are approaching a vertical direction. The deformations in the shoulder and the berm are
basically following the slope of the rockfill material in the shoulder. The direction of the total
deformations at the position of “Inclinometer 2” are quite skewed downwards.
In Figure 5.10, the observed and modelled horizontal deformations from “Inclinometer 2” in Figure
5.1 are shown for the time when the construction of the new downstream berm is finished.
Deformations from “Inclinometer 1” are not shown here, since they are such small magnitude. A
deformation with a positive sign represents movement towards the downstream direction. The curves
representing the modelled cases correspond to the moduli combinations from Table 5.3.
There are differences between the observed and measured deformations, but a similar trend is noticed.
For the modelled cases, curves for the deformations as a function of depth are somewhat smoother
than the measured. The reason for the curves of the measured deformations not being smoother might
be measurement precision, but also the amount of discrete points compared to the modelling where
the amount of discrete points is significantly larger.
Compared to the results from the inverse analysis in Figure 5.5, the deviations are of the similar order
in magnitude. For instance, in Figure 5.5 the difference in deformations for the modelled and the
observed case is around 1-2 centimetres and in Figure 5.11 the difference is around 2 cm at the top.
This suggests a link between the performances of the optimization and how well a prediction becomes,
based on the results from the optimization. Meaning, the results from the modelling reflect the quality
of the input data for the constitutive model from the inverse analysis. However, if a “perfect”
constitutive model would be employed in the inverse analysis, model parameter values could be
evaluated that would give an exact correspondence to the field behaviour the constitutive model is
matched against. Perhaps then also the prediction would be in better agreement with the observations.
Anyway, no such “perfect” constitutive model has been developed.
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Figure 5.11. Inclinometer 2, observed and modelled horizontal deformations.
For the combinations III and IV, which show slightly lower deformations than for the other modelled
cases, the modulus of the rockfill is set to the higher value of the interval, whereas the moduli for the
core is given the limit values of the interval. Not much effect is seen of the core moduli value on the
horizontal deformations, when combination III and IV are compared.
For the combinations II and V, showing higher deformations than for combination I, the modulus of
the rockfill is set to its lower limit value of the span. Also here it is observed that the modulus of the
core, set to its high and low limit value, has a minor effect on the results.
In summary, the deformations at the location of the inclinometer are more sensitive to the change of
the modulus of the rockfill material than of the core material. This is also to be expected, since the
placement of the inclinometer to a large extent is in the rockfill.
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6 CAN THE GENETIC ALGORITHM HANDLE ERRORS IN
FIELD DATA?
Errors in field data are likely to occur. Therefore, the performance of the performance of the genetic algorithm is
tested when it is used for parameter identification based on data containing errors. Material from Papers 4 and 5
is included.
6.1 Introduction
The same embankment dam as presented in Chapter 5 has been examined in this study. The objective
here is to assess the effects on the search strategy by introducing random noise on measurement values
from the Inclinometer 1 installation from Figure 5.1.
The effects of random noise are studied by perturbing the horizontal deformation values from an
inclinometer. A synthetic case is considered, where the inclinometer data is numerically generated.
Having synthetic data, the optimum solution represented by the input material parameter values is exactly
known in advance. The benefit of using a synthetic case is that it focuses the study on the performance
of the parameter identification technique, rather than on the final parameter values as the correct solution
is already known. In addition, in a synthetic case it is certain that the constitutive model is able to capture
the behaviour of the soil material involved in the dam structure.
As introduced in Chapter 4, the choice was a slow and robust search algorithm in form of the genetic
algorithm. Since the chosen search algorithm is known for its robustness, it is expected that perturbations
can be handled. However, the only certain method to know for sure is to test this assumption. Therefore,
this study is carried out to evaluate the effects of perturbation on the performance of the genetic
algorithm.
6.2 Generating synthetic field data
The inclinometer data in this study was generated in the finite element program, PLAXIS, using the
modelling approach described in Chapter 5.2. Here, the Hardening soil model is applied. A full list of
material parameter values is found in Papers 4 and 5. All optimisations were performed towards
synthetic data, i.e. numerically generated. For the generated data, the optimum solution is known as


[ܧହǡ , ܧହǡோ ] = [56.250 MPa, 7.8125 MPa]. The optimum solution is chosen based on optimisations
against real field data. The range of deformations are representing the behaviour in the dam after
placement of the upper part of the downstream berm, in terms of the deformations being realistic. As
in reality, the generated deformations are in the downstream direction. When numerically generating
the inclinometer data with the “optimum solution”, the deformations in Figure 6.1 are obtained.
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Figure 6.1. Synthetic horizontal deformations based on the optimum solution for the position of Inclinometer 1.
6.3 Generating perturbations
In order to investigate how the performance of the genetic algorithm is affected by noise in the
experimental data, the synthetic horizontal deformations from the inclinometer position are perturbed.
Following a similar mathematical procedure as described in Mattsson et al. (2001), perturbations are
randomly generated within a chosen interval
െ ݔ൏ ߰ ൏ ݔ

(6.1)

where ȁݔȁ represents the limits of the interval and ߰ is the randomly generated perturbation. The 30
discrete measuring points ݊ ൌ ͳǡ ʹǡ ͵ ǥ ͵Ͳ along the inclinometer in Figure 6.1 are numbered step by
step from the bottom of the inclinometer and upwards. The value of the horizontal deformation, ܷ ,
at the measuring point ݊ along the inclinometer is
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ܷ ൌ σୀଵ οܷ

(6.2)

where οܷ is the difference in deformation between adjacent points, in such a way that for the bottom
point ݊ ൌ ͳ the difference in deformation is οܷଵ ൌ ܷଵ and for points with ݊  ͳ the difference in
deformation is οܷ ൌ ܷ െ ܷିଵ .
The horizontal deformation values are perturbed as
οܷሺ௧௨ௗሻǡ ൌ οܷ ሺͳ  ߰ ሻ

(6.3)

ܷ௧௨ௗǡ ൌ σୀଵ οܷሺ௧௨ௗሻǡ

where ܷ௧௨ௗǡ and οܷሺ௧௨ௗሻǡ are the perturbed values of ܷ and οܷ , respectively. A new
value of ߰ is randomly generated for each point ݊ in Equation 6.3. By perturbing the difference in
deformation between adjacent points οܷ , an accumulated error is taken into consideration. In order
to visualise how the perturbations are applied, Figure 6.2 is presented.

Figure 6.2. Principle sketch of how the perturbations are applied to the deformations from the inclinometer.
The global minimum is represented by the perturbation ߰ ൌ Ͳ (unperturbed case), which corresponds
to the optimum solution. The following perturbation intervals,ȁݔȁ, are considered: 1, 2, 4, 6, 8, 10,
13, 15, 17, 20, 25, 30, 50, 70 and 100%. Since an interval is used for generating the errors, the error
can be anywhere within that interval.
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6.4 Relating to errors from field
In relation to real errors from inclinometer measurements, a range of possible errors from inclinometer
measurements are looked upon in order to assess how realistic the errors from the numerically
generated data are. A number of studies have been performed on data from inclinometers where the
errors have been considered. Many studies found, where advanced statistics are used for assessing
various aspects of errors. Since the errors were divided in a simple manner, the study of Mikkelsen
(2003) is chosen to set the inclinometer perturbations in relation to real errors.
According to Mikkelsen (2003), the errors can be divided into systematic and random errors. A
systematic error is generated by one or a combination of the following factors: sensor bias shift,
sensitivity drift, rotation depth positioning, casing inclination and curvature. These errors can be
remedied. A random error is the limit of precision, meaning the that error will remain after all
systematic errors are minimised. Further, Mikkelsen (2003) summarises the random and total (random
and systematic) error for 30 metres deep inclinometers, the result is shown Figure 6.2 coming from a
large number of inclinometer data that was analysed. The maximum random error was evaluated to
+/- 1.24 mm and the maximum total error to +/- 7.8 mm.. The random error was found to be 0.16
mm for each reading, and to accumulate at the rate equal to the square root of the number of reading
intervals. The systematic error, which is arithmetically accumulating, was determined to 0.11 for each
reading. The total error at the top of the inclinometer of 60 number of readings is calculated as
ܶ ݎݎݎ݈݁ܽݐൌ ܴܽ݊݀ ݎݎݎ݁݉ ܵݎݎݎ݁ܿ݅ݐܽ݉݁ݐݏݕ

(6.5)

and the total error will be calculated as
ܶ ݎݎݎ݈݁ܽݐൌ ͲǤͳ ή ξͲ  ͲǤͳͳ ή Ͳ ൌ ͳǤʹͶ  ǤͲ ൌ Ǥͺ݉݉

(6.6)

If plotting the total and random errors, limit errors with both positive and negative sign, the result in
Figure 6.2 is obtained. Since the inclinometer in the current study is deeper than the one for which
the errors were evaluated, the errors are extrapolated. The extrapolation is performed in a linear
manner.
In Figure 6.2, errors obtained by the numerically perturbed deformation for the intervals 2, 10, 20 and
30% values are plotted along with the total and random inclinometer errors. The error by numerical
perturbation are calculated as the difference between the perturbed deformation values and the
unperturbed deformation values. The value of the perturbations are oscillating more at the top of the
inclinometer. The reason for this is that the deformation values are larger at the top of the inclinometer
than in the lower part. Thus, a numerical perturbation error from an interval at the top of the
inclinometer will cause more oscillation than in the bottom part.
For errors in the lowest perturbation interval, 2%, it can be noted that the magnitude of the errors is
relatively low. It looks like the perturbation interval of 2% will represent a measuring accuracy that is
very good, since the errors are located within the random error range which represents the precision
error of the equipment. The perturbation interval 13% gives larger errors and they are more
pronounced towards the top of the inclinometer. If the values are interpreted against random and
systematic errors, this reading represents systematic errors also. With the same reasoning, the
perturbation interval of 20% will contain even more systematic errors.
The perturbation interval of 30% gives just slightly larger errors than the total errors noted in the study
by Mikkelsen (2003). This perturbation interval could be regarded as the limit of what gives the largest
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reasonable errors from a practical point of view in inclinometer readings, based on the data in Figure
6.2.
Total error

Total error extrapolation

Random error

Random error extrapolation

2% perturbation interval

13% perturbation interval

20% perturbation interval

30% perturbation interval

45

40

35

Height [m]

30

25

20

15

10

5

0
-12

-9

-6

-3

0

3

6

9

12

Error [mm]

Figure 6.2. Total and random inclinometer errors, where random errors represent the best system precision.
Modified after Mikkelsen (2003).
Taking the information in Figure 6.2 into consideration, realistic inclinometer errors are captured
among the perturbation intervals in this study. Also, errors of a magnitude that would not be expected
to be found in real measurements are taken into consideration. Especially the perturbation intervals 50
and 100% can be regarded to be much larger than what can be expected in field.
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6.5 Minimum solutions


The obtained values for the optimisation variables, ܧହǡ and ܧହǡோ , providing a minimum value of the
objective function ܨ for the intervals of perturbation are regarded as the minimum solutions. The
minimum solution for each perturbation interval is shown in Figure 6.3 as coloured circles along with
the global optimum (OPT), which represents the unperturbed case the synthetic data is based on. It


should be noted, that the axes of ܧହǡ and ܧହǡோ in Figure 6.3 do not have the same scale. The reason
for this is that the optimisation variables have different upper and lower bounds in the search domain.
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Figure 6.3. Minimum solutions for the perturbed deformation values, in a zoomed view of the search domain.
The genetic algorithm is managing to find a minimum for all perturbation intervals, also when the
perturbation interval is very large. Moreover, the following interpretations can be made from Figure
6.3:
x

x

The global optimum (OPT) representing the unperturbed case is not found exactly when searched for
with perturbed deformation values. This should not be regarded as misbehaviour of the algorithm, but
rather as a consequence of the introduction of the perturbed set of synthetic deformation values. The
global optimum (OPT) is no longer the exact solution when perturbations are introduced, the global
optimum is the solution for the unperturbed case and a new global minimum is likely to exist for each
case of perturbation intervals in the study. Similar effects on the identification process were shown by
de Santos (2015), when introducing noise in the experimental data, showing that the optimum solution
was not exactly found by the employed search strategies.
For perturbation intervals up to 13%, the minimum solution for each interval are gathering around the
global optimum (OPT). The lowest perturbation interval that is providing a solution that is deviating
more, at least visually in Figure 6.3, is 15%. However, minimum solutions for perturbation intervals of
17% and 25% are found close to the global optimum. Meaning, that the distance from the global
optimum to a minimum solution point is not necessarily increasing with a higher value of the
perturbation interval.

In order to have a quantitative approach, the Euclidean distance from the global optimum (OPT) to
the minimum solution point is calculated for each perturbation interval. In addition, the value of the
objective function associated with the minimum solution point is plotted for each perturbation interval.
This is shown in Figure 6.4.
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Figure 6.4. Euclidean distance from the global optimum to the minimum solution point and the associated
objective function value for all of the perturbation intervals.
The succeeding can be seen from Figure 6.4:
x

Considering the Euclidean distance from the global optimum as well as the value of the objective
function, the perturbation interval of 13% can be considered as interesting. The fluctuations are smaller
prior to the 13% perturbation interval, compared to what can be observed afterwards (from 15-100%).
The objective function has values of almost the same magnitude up to 25% of perturbation, after that
the objective function values increase significantly. It might be interesting to notice that the Euclidean
distance do not have a similar trend.

x

6.6 Set of solutions
The genetic algorithm will produce many possible solutions, besides the minimum solution presented
in Figure 6.3 for each perturbation interval. Since a set of solutions is obtained from the algorithm,
acceptable solutions have to be identified. In order to study the influence of perturbations on the set
of solutions
x
x
x

the distribution of solutions in the search domain
the total number of solutions and the number of unique solutions
the average Euclidean distance from the minimum solution point to all solutions

have been examined for the perturbation intervals and different limit values of the objective function.
From this study, Figures 6.5 and 6.6 are presented. More plots are available in Paper 5.
In Figure 6.5, for the perturbation intervals 2% and 50%, all obtained solutions in the search domain
are shown firstly at the top of the figure, followed stepwise, downward in the figure, by the solutions
in the search domain for the limit values 10 mm, 5 mm and 3 mm of the objective function. The next
can be understood from Figure 6.5:
x
x

Only a limited amount of solutions are graphically visible, since the points represent multiple solutions.
The total number of solutions as well as the number of unique solutions are presented below each graph
in the figure.
It can be noted in Figure 6.5 that the total number of solutions is higher for the more perturbed case
compared to the less perturbed case. The reason is that the genetic algorithm is searching for a longer
time for the larger perturbation interval and thereby more solutions are produced.
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x

x

When the limit value of the objective function is successively decreased under 10 mm, the number of
unique solutions are faster reduced for the perturbation interval 50% compared to 2%. For ܨ ൏
͵݉݉ in Figure 6.5, there is only one unique solution left for the perturbation interval 50%, while
there are 15 unique solutions left for the perturbation interval 2%.
The best solutions with the lowest objective function are in Figure 6.5 focused in a “cloud” to a smaller
area. The “cloud” of solutions is gathered in approximately the same place for all of the perturbation
intervals in the study. For the reference secant stiffness of the core, the solutions are found covering
almost the whole span, 20-100 MPa. For the reference secant stiffness of the rockfill, the solutions are
focused to an area around 8-9 MPa. This is indicating that the reference secant stiffness of the shoulder
material is the most sensitive optimisation parameter, i.e. it has the largest influence on deformation
values at the inclinometer position.

In Figure 6.6a), for the total number of solutions, the average Euclidean distance from the minimum
solution point to all solutions as well as the total number of solutions have been plotted against the
perturbation intervals. In Figure 6.6b), a corresponding plot has been created for the unique solutions.
The graphs in Figure 6.6, have been established for the limit value 3 mm of the objective function. In
Paper 5 similar plots as in Figure 6.6 have been created, for the limit values 5 mm and 10 mm of the
objective function.
The average Euclidean distance is a measure of how “spread out” the solutions are. Observe that the
average Euclidean distance is not defined when no solution exists and the average Euclidean distance
is zero when there is just one solution. From the study of Euclidean distances, the following can be
noted:
x
x

x
x

x
x

It can be noticed that the average Euclidean distance has a tendency to decrease when the limit value
of the objective function is decreasing. This means that the solutions become gradually a little bit less
“spread out” when a smaller and smaller limit value is allowed.
The average Euclidean distance varies quite much with the magnitude of the perturbation interval.
However, no clear trend for this variation can be observed. The variations fluctuate mostly in a similar
way if the figures are compared to each other, the reason for this is that the solutions are sorted out
with the limit value of the objective function for each perturbation interval from the same running with
the genetic algorithm. The magnitude of the perturbation interval might influence how spread out the
solutions are, but it is difficult to foresee from Figure 6.6 if the solutions will be more or less spread out
when the value of the perturbation interval change. The reason for this can be found in the random
features in how the genetic algorithm works. The random feature in the genetic algorithm seem to
have a larger impact on the average Euclidean distance than the magnitude of the perturbation interval.
It is evident that both total the number of solutions and the number of unique solutions decrease when
the limit value of the objective function decreases.
As for the average Euclidean distance there is no clear trend of how the total number of solutions and
the number of unique solutions vary with the value of the perturbation interval. The random features
of the genetic algorithm seem to influence the number of solutions more than the magnitude of the
perturbation interval.
As indicated in Figure 6.3, for small limit values of the objective function, there is a risk that none or
very few unique solutions are found when the value of the perturbation interval starts to be high.
Since better solutions are associated with small values of the objective function, it is more likely to find
unique solutions and that the found solutions are good if the measurements are less perturbed. In this
case study, for instance, the value of the perturbation interval should be held below 30% if an acceptable
value of the objective function is set to 3 mm.
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Figure 6.5. Solutions under various values of the objective function for perturbations of 2% (left) and 50%
(right). The total number of solutions are presented with the number of unique solutions inside parenthesis
marked with an asterisk.
45

On Parameter Identification for Better Predictions of Dam Behaviour

Objective function < 3 mm
Total number of solutions
1600

1438

1400

25

1200

1031

20

1000

15

561

562

10

156

600

552

275
5

800

614

371

102

400

159
9

0

0

200

0

Total number of solutions

Average Euclidean distance from MIN
[MPa]

Average Euclidean distance from MIN [MPa]
30

0

0
1

2

4

6

8

10 13 15 17 20 25 30 50 70 100

Perturbation interval [%]

a)
Number of unique solutions
80

45
67

40
35
30

65

70

54

53
39

25
20
15

15

10

60

52

47

50
34

40
30

29

20

9

5

0

1

0

0

0

10

Number of unique solutions

Average Euclidean distance from MIN
[MPa]

Average Euclidean distance from MIN [MPa]

0
1

2

4

6

8

10 13 15 17 20 25 30 50 70 100

Perturbation interval [%]

b)
Figure 6.6. Number of solutions and the average Euclidean distance for solutions with objective function values
under 3 mm.
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7 CONCLUDING REMARKS
Today, the emphasis in the use of numerical modelling is the way it will be used. Even though
modelling has “been around” for a quite long time, there are a number of challenges and pitfalls. These
are highlighted and discussed in e.g. Herle (2003 & 200) or Kolymbas (2000). Methods are
developing in order to improve the usage of modelling, and inverse analysis with the application to
embankment dams, as presented in parts of this thesis, is one of them.
In the first study presented in the thesis, a simple calibration of the numerical model with no use of
advanced techniques was conducted on the Mornos dam. After the calibration was performed, some
comparisons have been conducted with real data. The main conclusions are:
x
x

Even though the utilised Hardening soil model has limitations the basic behaviour of the dam is still
covered. Total stresses and pore water pressure are predicted fairly well, with a limitation in capturing
the long term displacements.
More advanced calibration by inverse analysis could be a way of improving the response of the
numerical model. Then also more advanced constitutive models could be tested.

The second part of the thesis involved predictions of displacements for a Swedish embankment dam
moving towards better agreement when predictions are based on parameters from inverse analysis.,
One part of the historical data was used to back analyse the dam behaviour in a previous study and the
other part of the available data was used to compare the prediction. The following could be seen from
the study:
x
x
x

x

x

A good qualitative and a reasonably good quantitative agreement between modelled and observed
horizontal deformations has been found.
The study is indicating that future dam behaviour can be predicted reasonably well by using model
parameter values identified by inverse analysis.
An inverse analysis was conducted for two optimization parameters against inclinometer measurements.
In a comparison between modelling based on parameter values from inverse analysis and reality, trends
of deformations are similar in magnitude. The use of parameter values from inverse analysis in
predictions of future behaviour is promising. An even better agreement is expected when more
constitutive parameters are optimized at the same time; preferably against different kinds of field
measurements.
As shown in this study as well as in previous research by the other authors, the inverse analysis
methodology is working but it is highly effected by the constitutive models chosen. If better constitutive
models are developed and utilised, less discrepancy between field measurements and modelled
measurements are expected.
The assumption that the model parameter values have not changed in this dam since the early 90s,
might also affect the results. With time, the material might obtain changed properties when the dam is
ageing. In order to evaluate the “current” values of the model parameters of the dam, an updated inverse
analysis should be performed.

The third study presented in the thesis gives an indication of how random measurement noise is
affecting the performance of the genetic algorithm in soil parameter identification. Also in this part
with the application to an embankment dam. Optimisation against inclinometer measurements
were performed, but the listed conclusions are presumably valid also for other types of
measurements in a dam:
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x

x

x

It was found that the genetic algorithm is able to search for a minimum solution for the optimisation
parameters without breaking down even though the field data is substantially perturbed. This must be
regarded as a good property of the search strategy. It continues to search and does not crash because of
numerical problems. However, if a solution is delivered in the end, it is of importance to assess the
quality of the solution.
By considering inclinometer measurement accuracy, it was concluded that the genetic algorithm can
find good solutions for what can be regarded as small errors. The genetic algorithm performs well also
for a little bit larger errors than normal, but when the errors gradually become even larger, the genetic
algorithm gets more and more problems to find solutions. If solutions are found, they might deviate
quite much from the unperturbed solution.
Even if it is not completely possible to draw general conclusions about the behaviour of the genetic
search algorithm, from one case to another, the present study indicates that the genetic algorithm can
handle erratic measurement of a normal magnitude in dams.

Parameter identification by inverse analysis in embankment dams has been shown to be a promising
way to go in order to obtain information of the mechanical behaviour The ability to assign suitable
values of uncertain parameter values would presumably be a question of experience in trial and error
calculations in opposite to an inverse analysis. Soon the question arises of the applicability of such
methods to engineers working with these problems on a day-to-day basis. The author does not regard
it as sufficient to say that the inverse analysis methodology has to be implemented in already available
finite element programs. Potential implementation has to come with some restrictions in order to not
create even more “modelling pitfalls” with “easy-to-use”-tools.
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8 FUTURE WORK
In dam engineering, significant additional development has to be done for the parameter identification
technique in order to use it for already existing dams, like in transport applications of the digital twin.
The methodology could be developed by:
x

Test different types of optimisations towards measurements
o Single objective
 Optimisation towards one type of measurement, this is what has been conducted so
far.
 Some inverse analyis work has been done for an embankment dam. Here there are
possibilities to optimise towards more parameters. In such a way, the agreement
between simulations and reality can be improved.
o Multi objective
 Optmitsation toward multiple types of measurements at the same time.
 Here it is needed to be decided on some weighting, meaning which measurement is
of most importance.

x

Increase the number of parameters and test other constitutive models
o In the project, so far, only two parameters have been identified. The next step is to test more
advanced constitutive models, that are needed to be described by a larger number of parameters.

x

Find more efficient search algorithms
o The genetic algorithm has been utilised in the project. Other types of algorithms could also be
of interest, e.g. the hybrid type where several algorithms are combined.

x

Evaluation of soluitons – “post-processing”
o The solutions found by the genetic algorithm can be complemented by a statistical analysis.
The most suitable solutions could then be evaluated.

x

Verification of the methodology
o A method to assess if the optimisation program is finding physically possible solutions, is to take
up samples where it is possible to do so.

In summary, the goal is to move closer to a digital replica of an existing dam by utilising the field data.
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ABSTRACT: In this study an assessment of arching and cracking potential has been performed for the
core of the Mornos dam, located in Greece. The finite element code PLAXIS 2D was utilised for the
analysis. Calibration of the finite element model was done based on a limited amount of data available,
with reasonable agreement. The modelling was mainly based on recommendations in the manual of the
used finite element code in order to reflect the outcome when modelling is performed according to the
code recommendations.
By comparing the stresses after construction, end of first impoundment and after fluctuations in
the reservoir for 37 years the arching and cracking potential were assessed. From the modelling, stress
reduction in the dam core and increase in the surrounding zones is observed. This behaviour corresponds
to interpretations of the field measurements. The criteria used for assessing cracking potential, was that
fracturing could occur when the reservoir pressure exceeds the minimum total pressure. The analysis
indicated no cracking of the dam core.

1 Introduction
The stresses in a central dam core can reduce due to “arching”, in which settlement of the core
occur relative to the embankment shoulders. Shear strength is mobilised on the boundary
between the core and shoulders, followed by transfer of load from the core to the shoulders
leading to reduction of the total stresses in the core. The potential effects of arching increase as
dam cores becomes narrower and increase with the presence of a core trench, see e.g. [6] and
[8].
Hydraulic fracturing occurs when the minimum total stress is less than the reservoir pressure,
resulting in reduction of the effective minor stress to zero, [6] and [18]. Potential cracks form
roughly in the direction of the minimum principle stress. Cracking may lead to internal erosion,
if a filter downstream of the crack does not prevent it.
Many numerical analyses show that minor principal stresses at the end of construction are
usually less than the future seepage pressure applied by the reservoir. In most cases, the total
minor stresses increase considerably during impoundment and hydraulic fracturing is avoided
[6]. In [8] and [18] more information on hydraulic fracturing is available.
Some examples on arching and cracking of dam cores can be found e.g. in [4], [8], [10], [12],
[13] and [14]. The arching and cracking potential of the Mornos dam, located in Greece, is
studied in this paper. The stress-strain development is estimated at the end of construction, after
first impoundment and after reservoir fluctuations over 37 years. Numerical analysis in two
dimensions, assuming plane strain conditions, will be used for the assessment. By analyses of
stresses, the arching and cracking potential are evaluated. The degree of arching is expressed in
Equation 1:
ఙ

 ݄݃݊݅ܿݎ݂ܽ݁݁ݎ݃݁ܦൌ ͳ െ ఊ௭ೡ

(1)

where ߪ௩ is the total vertical stress from the numerical computation and ߛ ݖis the nominal
vertical total stress.
This paper is a part of “Theme C” in the “14th International Benchmark Workshop on Numerical
Analysis of Dams”, organised by the “ICOLD Committee on Computational Aspects of
Analysis and Design of Dams”. The main goal of the workshop was to investigate the ability to
accurately predict the embankment behaviour, in particular the arching potential and the risk of
cracking. Some data was available prior to the workshop, which is given in Chapter 2.
The finite element code PLAXIS [2] is utilised for the study. To large extent the modelling is
based on the recommendations in the PLAXIS manual, in order to assess how a “standard
computation” with limited information may perform.

2 The Mornos dam
The Mornos dam, located in Greece, is a 139 metres high earth dam with a central clay core.
The central core consists of alluvial clay and of weathered flysch mudrocks, as given in the
presentation of the dam [6]. The foundation consists of bedrock and includes a wide trench
through the 10 metres deep river gravels. The shoulders are made of well-compacted river
gravels. A typical cross section of the dam is shown in Figure 1.

Figure 1: Typical cross section of the Mornos dam, where (1) impervious clay core, (2) filter
zones, (3) shoulder material, (4) base river gravel, (5) bedrock, (6) inspection/grout curtain
gallery and (7) grout curtain. Modified after [6].
Construction of the dam began in June 1973 and was completed in October 1976. The
impoundment of the reservoir started in late December 1978, stretching over approximately two
years.
2.1 Monitoring
The Mornos dam is monitored with various types of geotechnical instruments. In Figure 2 the
locations of earth pressure sensors, piezometers and settlement plates are shown.

Figure 2: Cross section of the dam, including geotechnical instrumentation. After [6].
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Data from this instrumentation exists for its 37 years of operation, including the reservoir
fluctuations, the development of pore water pressure, deformation and vertical total stress. Prior
to the workshop limited data was to the participants [6], summarized as:
x 180 cm of maximum settlements in the core due to construction. The settlements
occurred at the height of 3/5 of the core, which corresponds to the elevation +392.
x Differential settlement between the settlement plate columns in the central part and
downstream was approximately 150 cm in 2016.
x In 2016, post construction settlement of the crest was approximately 65 cm.
x Reservoir fluctuations, both actual and simplified elevations, are shown in Figure 3.

2.2 Material parameter values
Some material parameters were given prior to the workshop [6]. These parameters are based on
a limited amount of laboratory tests. For definitions of the parameters, see e.g. [2].
Table 1: Properties for the dam body. After [6].
Parameter
Unit
Core
Filter Shoulders
ɀୢ୰୷ 
ͳǤͷ
ͳͺ
ʹͲǤ
Ȁଷ
ଷ
ɀ୳୬ୱୟ୲ 
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ͳͻǤͷ
ʹͳǤ
Ȁ
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ʹͳ
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Ͳ
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ͳʹͲ
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3 Finite element modelling
For this study, the finite element code PLAXIS 2D 2016 is utilised. PLAXIS 2D is a twodimensional software, developed for deformation, stability and groundwater flow computations
in geotechnical engineering. More information on the used finite element code is available in
[2].
As modelling in two dimensions is utilised, the cross section from Figure 1 is modelled under
the assumption of plane strain conditions. The cross section is somewhat idealised when
importing the geometry to the finite element code. The cofferdam, inspection/grout gallery and
grout curtain are omitted.
For the dam zones, different drainage behaviours are assigned. The clay core is modelled to
represent undrained behaviour by choosing the setting “Undrained A”, based on effective
parameters, in PLAXIS. The Skempton B factor, from Table 1, is applied for the core. The rest
of the dam body is modelled under drained conditions.
For the construction of the dam, computational phases allowing development and dissipation
of the excess pore pressure with changes in loading or with time were adopted. In PLAXIS [2],
fully coupled flow-deformation analyses are recommended when pore pressure and
deformations are of interest as a result of time-dependent changes in the boundary conditions.
The fully coupled approach is adopted for modelling of the impoundment and the fluctuations.
For the fully coupled analysis, the hydraulic properties of the soil need to be specified. For this
analysis, the van Genuchten soil water characteristic curves have been used. Since a limited
amount of data was available, two approaches were applied. One approach is to assign the
hydraulic conductivity and keep the rest of the hydraulic properties as pre-defined (based on
soil type). The other approach is to base the hydraulic properties completely on data for the soil
type, where the finite element code uses a database in PLAXIS for the hydraulic properties.

Standard deformation boundary conditions were applied to the finite element model. The
vertical model boundaries were set to horizontally fixed and free to move vertically. The bottom
of the model was fully fixed. For the seepage, the foundation is modelled as impermeable. The
upstream boundary is time dependent, while the downstream boundary is kept at a constant
level.
Figure 4 shows an illustration of the finite element model. The horizontal layers used for
simulation of the construction are shown. The upstream “box” is indicating the time dependent
reservoir water level. Internal distribution of the pore water pressure is computed in the fully
coupled analysis, having the upstream varying level and downstream fixed level are acting as
hydraulic boundary conditions.

Figure 4: Finite element model of the dam.
The finite element modelling is performed in several stages in PLAXIS, with computational
phases as follows:
1. Initial phase.
x Bedrock and river gravel are modelled. The “K0 procedure” is applied, since all
layers in the geometry are horizontal. All initial stresses are computed from Jaky’s
formula [2].
x The elevation of the phreatic line is slightly under level +317.5.
2. Excavation of the river gravel.
x At the position of the planned core trench, excavation of the river gravels is
modelled.
x The assumed time for the excavation is 14 days.
3. Construction of the dam in 14 layers.
x The model is build up in layers, in order to reflect the construction process and to
generate a proper initial stress field. Layered modelling is discussed in e.g. [11].
x The first part of the construction of the dam is the core trench.
x The construction time is 1 248 days. Initially, the same time was applied for each
layer. This resulted in very low pore water pressure in the core at the end of the
construction. In order to capture the pore pressure development, time for each layer
was related to the cross-sectional area of the layers.
x The displacements are reset to zero, meaning that all displacements are counted from
this phase.
4. “Rest” phase.
x This phase simulates the break between the end of construction and start of
impoundment, which was 972 days which means almost three years.
x No modifications of the dam model.
x Pore pressure is allowed to dissipate with time in this computational phase.
5. Impoundment of the reservoir.

x
x

Fully coupled flow-deformation analysis.
The impoundment is applied according to the simplified line in Figure 2, reaching
the maximum reservoir level at elevation +435.
x The time is 731 days, approximately two years.
6. Fluctuations.
x Fully coupled flow-deformation analysis.
x Fluctuations according to the simplified graph in Figure 2 are modelled.
x The time is 12 934 days, almost 35.5 years.
The finite element model was discretised, by applying 15-noded triangular elements to the dam
geometry. In total, 13 851 elements were used. A denser element mesh was tested, increasing
computation time but without significant effect on the results. 13 851 elements were therefore
considered as suitable for the computations.

4 Constitutive modelling
4.1 Dam body
Initially, modelling with the simple constitutive model Mohr Coulomb was conducted,
involving implementation of the parameters given in Table 1. The results are not presented in
this paper since the agreement with the given data on deformations was not at all satisfactory,
even after modifications of the moduli values. Instead, the constitutive model “Hardening soil”
was used for further work.
The Hardening soil model is based on the hyperbolic Duncan-Chang model [5], but is extended
under the framework of plasticity. The Hardening soil model has the same failure criterion,
limit states, as the Mohr Coulomb model. A significant difference is that the deformation
behaviour can be more realistically modelled using the Hardening soil model in comparison
with the Mohr Coulomb model, since the stiffness is stress dependent and the model is able to
distinguish between loading and re-loading. Information on the chosen model can be retrieved
from e.g. [2] and [17].
Due to insufficient amount of available data for the material parameters necessary to describe
the soil with the Hardening soil model, some simplifications were adopted. A standard
relationship from the PLAXIS manual [2] is used for describing the relationship between the
moduli of the Hardening soil model, Equation 2:
ଵ

୰ୣ
୰ୣ
୰ୣ
ହ
ൌ ୭ୣୢ
ൌ ଷ ή ୳୰

(2)

୰ୣ
୰ୣ
where ହ
is the reference secant stiffness for primary loading in a drained triaxial test, ୭ୣୢ
is
୰ୣ
the reference tangent stiffness for primary oedometer loading and ୳୰ is the reference stiffness
for unloading/reloading in a drained triaxial test. The secant stiffness is defined in Equation 3:
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where ୰ୣ is the reference pressure and m is the parameter for the power for the stress level
dependency. The reference pressure is kept at the standard value of 100 kPa. Based on
recommendations in PLAXIS [2], an assumption is used for the parameter m. According to [2]
and [3] a typical value of the parameter m for clayey material is 1, and for more granular
material this can be chosen to 0.5.

The model calibration was only based on trial-and-error, trying to fit the response of the model
to the deformations described in section 2.1. The deformations in the finite element model were
compared to the measured deformations, with a summary as follows:
x After completion of the construction, the maximum settlements in the core are 182 cm
at the level +410 in the finite element model. At the level of +392 where the maximum
deformations were measured, the response in the model is 171 cm.
x The difference in settlements between the central part and downstream shoulder, in the
position of the settlement plates’ array (Figure 2), is at most 120 cm. The difference is
underestimated by 30 cm.
x Post construction settlements are not at all well covered by the finite element model,
where the settlement after construction have reached 13 cm at the crest in the model
whereas the measured value is 65 cm.
The material parameter values, after some model calibration, are presented in Table 2.
Table 2: Properties for the dam body, after calibration of the finite element model.
Parameter
Unit
Core
Filter
Shoulders
River gravels
ͳ ୰ୣ
୰ୣ
୰ୣ

ʹʹǤͷ
ͷͲ
ͳͲͲ
Ͳ
ହ
ൌ ୭ୣୢ
ൌ ή ୳୰
͵
୰ୣ

ͳͲͲ
ͳͲͲ
ͳͲͲ
ͳͲͲ

െ
ͳ
ͲǤͷ
ͲǤͷ
ͲǤͷ
Below follows suggestions for potential improvement of the response in the numerical model:
x Preferably, the model parameters for the Hardening soil model should be derived from
triaxial and oedometer tests, then the simplifications in Equation 3 will not be needed.
If laboratory testing in not an option, back analysis could be conducted. In such an
analysis, data from existing measurements is utilised for calibration of the parameters
for the chosen constitutive model.
x For modelling of the reservoir fluctuations, a constitutive model that can handle cyclic
loading could be employed. An option in PLAXIS [2] is the Hardening soil small model,
which can to some extent handle the cyclic loading in contrary to the standard Hardening
soil model.
x For the clay core, a constitutive model that is developed for clayey soils is believed to
improve the response considering the long term behaviour. From the PLAXIS standard
models the Soft soil or Soft soil creep models could be some options [2] or the user
defined model Creep-SCLAY1 [16]. The user defined Barcelona Basic model [15]
could also be employed for the clay core, where the stress-strain response of unsaturated
soil is properly described.
4.2 Foundation
The deformations of the foundation are not taken into consideration, as suggested in the
workshop information [6]. The foundation is modelled with both high strength and high
stiffness with the simpler constitutive model Mohr Coulomb. Non-porous behaviour is applied,
meaning that the pore pressures in the foundation are not considered and flow is allowed in the
former riverbed. For definitions of the parameters, see e.g. [2].

Table 3: Properties for the foundation.
Parameter
Unit
Value
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5 Estimation of arching and hydraulic fracturing potential
The estimation of arching and hydraulic fracture potential is performed at three stages; after
construction, end of impoundment and after fluctuations.
5.1 Arching
Arching is occurring when the core settles relative to the shoulders. This is reflected in the
results from the finite element modelling. The core, which is softer than the surrounding
material, settles significantly more than the adjacent zones. The settlements for the dam body
are shown for all stages in Figure 5.
[m]
0.0
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Figure 5: Settlement in the dam: (a) after construction, (b) end of impoundment and (c) after
fluctuations.
The settlements are increasing in the core from stages (a) to (b). From (b) to (c) some more
settlement is occurring, but only minor. In Figure 6, the vertical total stresses in the dam body
are plotted. The total vertical stresses in Figure 6 are significantly lower in the core than in the
adjacent zones. This means that the shoulders are carrying larger load than the core. Distortions
of stresses are noted on the upstream part of the dam. In this study, the reason for the distortions
is not further investigated in this study.
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Figure 6: Vertical total stresses in the dam: (a) after construction, (b) end of impoundment and
(c) after fluctuations.
Vertical total stresses for the core are shown in Figure 7, where the filter zones are not included
thus resulting in the pointy looking crest. At end of impoundment, from (a) to (b), the total
vertical stresses in the core have decreased in the upper part. In the lower part, with influence
of the impoundment, the vertical total stresses have increased. From (b) to (c), after operation
of 37 years, the total vertical stresses increase in the bottom part of the core. In the upper part
of the clay core, the stresses have not changed significantly from (b) to (c).

(b)

(a)
[kPa]

0

600

1 200

(c)
1 800

2 400

Figure 7: Vertical total stresses in the core: (a) after construction, (b) end of impoundment and
(c) after fluctuations.

The degree of arching is analysed according to the expression presented in Equation 1, where
a higher value indicate higher degree of arching. The degree of arching is evaluated at the
horizontal sections at elevations +330, +365 and +400.
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Figure 8: Degree of arching for horizontal sections at elevations: (a) +330, (b) +365 and (c)
+400.
The stresses in the dam core are reduced, implied by a positive value of the degree of arching.
Most of the arching has already taken place after construction. At the sides of the core (outmost
part of the horizontal axis), the degree of arching is lower. This indicates stresses increase in
the adjacent zones, meaning that load is redistributed from the core. Some remarks from the
plots:
x For (a), the top section, arching is slightly increasing after impoundment. After
fluctuations the arching is lowered. The leftmost point (border to the filter), is carrying
less load with time as the arching decreases.

x
x

For (b), the middle section, the arching is decreasing in almost the whole upstream part
of the core at the end of impoundment. At the downstream part, increase of arching can
be observed. After the fluctuations arching has decreased in most of the core.
For (c), the bottom section, almost same trend as for section (b) is observed.
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5.2 Hydraulic fracturing potential
The fracturing potential is assessed by comparing the minimum total stress to the maximum
reservoir pressure, as described in [6] and [8]. The maximum reservoir pressure corresponds to
the steady-state conditions in the core.
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Figure 9: Minimum total stress and maximum hydrostatic pressure: (a) after construction, (b)
end of impoundment and (c) after fluctuations.
The minimum total stress after construction is higher than the future maximum reservoir
pressure for all sections, which is shown in Figure 9 for the centre line of the core. This is not
considered as a fracturing potential since the reservoir pressure is not fully applied. When the
reservoir pressure is applied, the minimum total stresses increase in the dam. This procedure
avoids the potential of cracking according to e.g. [6].
Since steady-state conditions are not reached in the finite element model, the hydrostatic
pressure is lower than the maximum future pressure shown in Figure 9 (a) and (b). In [1] and
[9] it is discussed that it can take a very long time for steady state conditions to develop, if the
permeability of the dam core is low.
None of the sections in the dam core have shown the potential of hydraulic fracturing, since the
current hydrostatic pressure does not exceed the minor total stress. Alternatively, the results of
the finite element modelling do not show any areas in the core of effective stresses reaching
zero, at any of the evaluated phases.

6 Monitoring data
From the monitoring of Mornos dam, data has been available to compare with the results of the
numerical modelling [7]. The data in the presented in this part is from two sections of the
Mornos dam, sections A and B. Section A is the analysed section in this paper, shown in Figure
1. Section B is an adjacent section, located more towards the middle of the dam.
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6.1 Settlement
Monitoring of settlements is performed in positions shown in Figure 2. Data from plates 7-2
(centreline) and 7-3 (downstream) in Section A are compared to settlements from the numerical
model. The measurement data in Figure 10 is from October 1988. In order to compare the
settlements, data from the same time was extracted from the numerical computations.
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Figure 10: Settlements in the dam body, monitoring and computations.
From Figure 10 it is shown that the core settlements are larger in reality than in the model. Since
the calibration was done towards the differential settlements, the settlements of the downstream
part are also underestimated. The whole dam settles less in the model than in reality, but the
difference between the upstream and downstream is still not that far away from the measured
value.
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6.2 Pore pressure
The measured and computed pore water pressure at the dam centreline is shown in Figure 11.
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Figure 11: Pore water pressure in the dam centreline, monitoring and computations: (a) after
construction, (b) end of impoundment and (c) after fluctuations.

For “Section A”, measurements of the pore water pressure were not available after construction.
At the end of construction, the parameter set “FEM” is underestimating the pore water pressure.
For the set “FEM-standard”, there are no significant pore pressure at the end of construction.
Besides the hydraulic properties, the time assumptions for the modelling of the construction
process is a factor that can affect the magnitude of the pore pressure.
After impoundment, the set “FEM” is still resulting in underestimation of the pore pressure.
The set “FEM-standard” is overestimating the pore pressure in the upper part of the core,
whereas the pore pressures are underestimated in the bottom part.
For the final stage, after fluctuations, the pore pressure is underestimated by the set “FEM” in
the upper part and are quite well replicated in the bottom part. The pore pressures as a result of
“FEM-standard” are well corresponding to the measured values. The same response of the two
approaches can be observed for the horizontal sections at elevations +350 and +390, for which
monitoring data is available.
The hydraulic parameter set “FEM” includes lower hydraulic conductivity than “FEMstandard”. If the conductivity is higher, the dissipation of pore pressure will be faster in (a) and
the phreatic level in the core is going to rise faster in (b) and (c). The results indicate that the
given hydraulic conductivity from Table 1 is too low for modelling the long term pore pressure
development in the core. Another assumption that can affect the results, is that the hydraulic
conductivity is assumed to be equal in both vertical and horizontal direction.
6.3 Total stress
The vertical total stresses, from measurements and computations, are plotted in Figure 12 for
the elevation +365.
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Figure 12: Vertical total stress in horizontal section +365, monitoring and computations: (b)
end of impoundment and (c) after fluctuations.
There is a difference in the stresses between measured and computed values, while the general
trend has been replicated. Higher stress in the dam shoulders than in the dam core are seen in
the measurements, indicating that arching is occurring. The same trends are obtained when
comparing the data from monitoring and computations for the horizontal section at elevation
+400.

In Figure 6 there are distortions of the stresses at the upstream side of the dam. This effect is
also captured in Figure 12, where “uneven” stresses can be noted at the horizontal distance -50
to 0.

7 Concluding remarks
In this study, the arching and cracking potential of the central core in the Mornos embankment
dam has been assessed. The main conclusions are:
x Arching is observed from the finite element modelling. The arching increases after
impoundment in most of the core, and is not notably changing over time after
impoundment.
x Most of stress transfer from core to shoulders has happened at the end of construction.
x By analyses of stresses, no potential of hydraulic fracturing can be evaluated since the
hydrostatic pressure does not exceed the minor total stress.
x Even though the utilised model, Hardening soil, has limitations the basic behaviour is
still covered. Total stresses and pore water pressure are predicted fairly well, with a
limitation in capturing the long term displacements.
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ABSTRACT
Over the lifetime of a dam several measures are usually taken in order to assure the stability and
the performance of the dam. In this case a hydropower dam in Northern Sweden is in need of dam
safety measures. The question arose, what consequences there might be when such measures are
performed. In order to estimate these effects, simulations have been carried out in the finite
element programme PLAXIS 2D. Thereby, the deformations and the stability of the dam for the
planned work can be evaluated. The performed simulations are based upon previously conducted
research at Luleå University of Technology, where soil parameters in the investigated dam were
identified by a method of inverse analysis.
Three sections have been analysed: A, B and C. In section A increasing pore water pressure
has been observed at the downstream side of the dam. Thereby it has been concluded that a new
drainage system is needed; new trenches of large size are to be excavated. In section B new toe
berms are planned, due to the requirement that the dam should be able to divert leakage without
erosion occurring at the dam toe. This contains soil material that might degrade when stresses are
increased, with intensified deformations as a consequence. In section C a new berm is to be
constructed, before this can be conducted an excavation is performed at the toe of the dam.
The results have shown deformations of an acceptable magnitude and factors of safety that
indicate conditions for the planned dam safety measures. Numerical values of deformations and
factors of safety can be utilised as an attempt to establish alarm values for the stability of the dam.
The finite element method is a useful tool for this kind of evaluation.
Keywords: dam, numerical modelling, PLAXIS, displacement, factor of safety

1

included. Numerical modelling considering
geotechnical applications is described in
numerous amounts of literature, for instance
Potts & Zdravković (1999) and Muir Wood
(1990). One of the advantages of performing
finite element analyses, is the comprehensive
applications when dealing with more
complicated geotechnical problems.
By choosing a proper model for
representing the soil behaviour during
numerical modelling, the reality can be well
described. This requires description of the
elasto-plastic behaviour of the soil material.
Theory of elasticity is often not sufficient,
since soil behaves elasto-plastic. Thereby
implementation of plasticity is usually
required. Information regarding plasticity can
be retrieved for example from Yu (2006).

INTRODUCTION

In Sweden, a number of dams were
constructed during the 1960s; some are today
in need of measures in order to ensure the
dam safety and dam performance. In this
paper some dam safety measures are
modelled for a hydropower dam by utilising
the finite element software, PLAXIS, see
Brinkgreve, Engin & Swolfs (2014). The
effects of the measures at the dam body are
evaluated by analyses of deformations and
stability; the usability of the finite element
method for this case is studied.
The finite element method (FEM) has
been widely utilised for modelling within
various disciplines, geotechnical engineering
IGS
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However, no model is perfectly representing
the behaviour of the soil material; the choice
can be based upon the problem to be solved,
the properties of the constitutive model and
the available material data.
Problems are often faced when
computational modelling is to be conducted
for earth and rockfill dams. The reason is
usually insufficient amount of reliable data
for the material properties. Investigations by
field testing are not easily performed,
especially in the impervious parts, due to the
probable negative effects on the dam
performance as well as the dam safety.
Therefore other methods, preferably nondestructive, have to be found.
Constitutive behaviour of the soil material
within the dam structure can be determined
by a method of inverse analysis. This is only
possible if the dam is equipped with various
instrumentations that are monitoring for
instance pore pressures, deformations or
seepage. Vahdati (2014) used an error
function and a search algorithm combined
with the finite element software PLAXIS to
identify soil parameters of the dam in the
study. Model parameters in the elasto-plastic

constitutive models were calibrated until the
simulated values for the deformations
corresponded to the deformations from the
inclinometer data.
2

CASE STUDY

With the aim to improve the dam safety and
the performance of a hydropower dam in
Northern Sweden, measures have been
projected by the consulting company ÅF. The
hydropower dam consists of earth- and
rockfill, including a central impervious till
core. Adjacent to the core, there are fine and
coarse filters. As a supporting layer, rockfill
is placed at each side of the filters. In some
sections there are supporting berms on the
downstream side of the dam. The dam body
is partially founded on bedrock and partially
on glacial till.
Various design solution for the dam safety
measures of the dam were suggested by the
consulting company ÅF. Thereafter the
question arose of what effects these measures
would exert on the dam structure. Three
cross-sections have been chosen for the
analyses; A, B and C in Figures 1-3.

(7)
Phreatic line

(4)
(1)

(2) (3)
(5)

Figure 1 Section A, geometrical model of dam body. The zones are: (1) core, (2) fine filter, (3) coarse filter,
(4) rockfill, (5) foundation consisting of till and (7) new trench.
Phreatic line
(3)

(1) (2)

(4)

(6)

(5)

(7)

Figure 2 Section B, geometrical model of dam body. The zones are: (1) core, (2) fine filter, (3) coarse filter,
(4) rockfill, (5) berm, (6) new berm and (7) foundation consisting of rock.
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(3)

Phreatic line

(5)
(7)

(1) (2)

(4)

(6)

Figure 3 Section C, geometrical model of dam body. The zones are: (1) core, (2) fine filter, (3) coarse filter,
(4) rockfill, (5) berm, (6) foundation consisting of rock and (7) planned excavation.

2.1 Section A
In measuring gauges, at the downstream side
of the dam, a trend of increasing pore water
pressure has been observed. Thereby, the
drainage system has been deemed as not
properly functioning. A new trench is
therefore planned at the dam toe, see Figure
1. In the chosen section the depth of the
planned trench is the largest compared to the
height of the dam. Thus the most extensive
effects of the planned work are expected in
this section.

2.3 Section C
In this section, see Figure 3, a new toe berm
is needed based upon the same RIDAS
requirement as for section B. Due to the
insufficient space at the downstream side of
the dam, a retaining wall is to be constructed.
Before the retaining wall can be constructed,
an excavation is performed. The excavation
has a limited extent in the transversal
direction.
Effects of the excavation are analysed.
Influences of the new berm on the dam body
are not inspected in this study.

2.2 Section B
According to the Swedish dam safety
guidelines, RIDAS by Svensk energi (2002),
a dam should be able to divert leakage
without erosion occurring at the toe. For the
dam studied a new toe berms is required to
attain this guideline. The planned berm is
shown in Figure 2. The highest section of the
dam is chosen for the analysis, due to the
largest deformations being expected there.
During the construction of the already
existing berm, denoted as (5) in Figure 2,
abnormally large deformations occurred at
the downstream side of the dam; this was
noticed by the dam owner and numerically by
Vahdati (2014). A possible explanation of
this behaviour is degradation of the rockfill
material, due to the added external load. The
degradation results in a more fine grained soil
mass, which in turn can cause increasing
deformations.
Two cases are to be analysed when the
new berm is added, one including the
degradation of the rockfill material and other
without the degradation.

IGS

3

CONSTITUTIVE
MODELS
MATERIAL PARAMETERS

AND

The constitutive models Mohr Coulomb and
Hardening soil have been utilised during the
case study. Both models are regarded as
suitable for their respective application area;
though the Hardening soil model is in general
considered more versatile. The applicability
of the models is explained more thoroughly
by Brinkgreve et al (2014).
The values for the unit weight, friction
angle and permeability have been provided
by the dam owner. Values for Poisson’s ratio
and the cohesion are based on advices from
Bowles (1988). The dilatancy angle has been
assigned according to an empirical relation
from Brinkgreve et al. (2014). The shear
moduli and the reference secant stiffness of
the core and rockfill was optimised by
Vahdati (2014). Material parameter values
from the constitutive model Mohr Coulomb
are presented in Table 1. For the constitutive
model Hardening soil, values are found in
Table 2.
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Table 1 Material parameter values for the constitutive model Mohr Coulomb, from Vahdati (2014) and ÅF.
Zone
Core
Fine filter
Coarse filter
Rockfill
Foundation
(rock)
Foundation
(till)

γu
3
kN/m
21
21
21
19
21

γs
3
kN/m
23
23
23
21
23

E
MPa
48.6
106.4
106.4
26.6
1400

Einc
MPa
1414.8
266.0
266.0
159.6
-

v’
0.35
0.33
0.33
0.33
0.30

c’
kPa
20
0
0
7
0

φ
°
38
32
34
30
45

kx/ky
m/s
3.0E-7
9.0E-5
5.0E-4
1.0E-2
1.0E-8

21

23

20

-

0.30

0

36

1.0E-8

Note: γu is the unit weight above the phreatic level, γs the unit weight under the phreatic level, E is the
Young’s modulus, Einc is the Young’s modulus increment, v’ the effective Poisson’s ratio, c’ the effective
cohesion, φ the friction angle and kx as well as ky are the hydraulic conductivity in the horizontal and
vertical direction respectively. E and φ for the foundation till are based on field data, provided by ÅF. γu,
γs,v’,c’ and kx/ ky for the foundation till are chosen accordingly with the rock foundation parameter values.
Table 2 Material parameter values for the constitutive model Hardening soil, from Vahdati (2014) and ÅF.
Zone
Core
Fine filter
Coarse filter
Rockfill
Berm
New berm
Foundation
(rock)

γu
3
kN/m
21
21
21
19
21
21
21

γs
3
kN/m
23
23
23
21
23
23
23

ref

ref

E50 = Eoed
MPa
70
50
50
10
10
25
3000

ref

Eur
MPa
210
150
150
30
30
75
9000

m
1
0.5
0.5
0.5
0.5
0.5
0.5

c’
kPa
20
0
0
7
7
7
0

φ
°
38
32
34
30
30
42
45

kx/ky
m/s
3.0E-7
9.0E-5
5.0E-4
1.0E-2
5.0E-2
1.0E-2
1.0E-8

Note: γu, γs, c’, φ and kx/ ky are defined in the note under Table 1. E50ref is the reference secant stiffness for
primary loading in a drained triaxial test, Eoedref is the reference tangent stiffness for primary oedometer
loading, Eurref is the reference stiffness for unloading/reloading in a drained triaxial test, m is the power for
stress-level dependency of stiffness. The material parameter values for the new berm are based upon values
for the previous berm, as well as information from ÅF.

In section B the potential degradation of the
rockfill material (4), in Figure 2, can be
considered by reducing the moduli with
respect to the increased load. The decrease of
the values for the moduli values were
observed by Vahdati (2014), during the
simulation of the construction of the berm
(5), in Figure 2. The berm itself (5) is also
consisting of the same material. Therefore the
moduli values are linearly reduced with
respect to increased load for both the rockfill
(4) and the berm (5). The values for the
reduced moduli are found in Table 3; the
original ones are shown in Table 2.

4

The numerical modelling is based upon the
research of Vahdati (2014), both considering
the values of the material parameters, Table 1
and Table 2, as well as the established finite
element model.
Plane strain conditions are assumed, since
the dam is a long structure. All crosssections, A, B and C, have been somewhat
modified when importing the data to
PLAXIS; some lines have been slightly
smoothened out. A number of adjacent
geometry points have been removed.
However, these modifications have no
significant effect on the results.
The size of the geometry model is chosen
for all sections in such a way that the extent
is sufficient for the accuracy of the
computations. Standard fixities in PLAXIS
are chosen for generation of boundary

Table 3 Reduced material parameter values due
to potential degradation.
Zone
Rockfill
Berm

ref

Reduced E50
ref
= Eoed
MPa
6.9
5.9

NGM 2016 - Proceedings

Reduced Eur
MPa

NUMERICAL MODELLING

ref

20.7
11.7
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conditions. The outer vertical boundary lines
are fixed in the horizontal direction. The
horizontal bottom boundary line is fixed in
both horizontal and vertical directions. The
choice of finite element mesh is an important
factor for the numerical solution strategy. A
denser mesh usually produces more accurate
results, but the computation time increases. A
suitable mesh for the computation accuracy
was chosen by refinement until the results did
not vary significantly. Thereby a sufficient
accuracy is obtained, for a minimum
computation time.
The dam is built up in several steps, in
order to create a proper initial stress field.
The horizontal filters are omitted in the
geometry models. This modification of the
geometry is considered to have no practical
influence in this study.

assigned to +432.5 m.a.s.l. based upon stand
pipe data from the site. The levels of the
phreatic line within the dam body have been
assumed as in Figure 1. Simulations have
shown that it is not necessary with more
accurate levels between the known ones at
the upstream and downstream side.
Since the dam was constructed during the
1960s, all excess pore pressures are assumed
to have dissipated. No excess pore pressures
are expected to be built up during the
excavation. Therefore no consolidation
phases are simulated; the calculation phases
are performed as drained phases for the
excavation.
4.2 Section B
The advanced constitutive model Hardening
soil is chosen for this section, since it is
suitable for this application and material
parameters are available.
The modelling of the planned berm is
performed in five steps, as shown in Figure 5.

4.1 Section A
The foundation in section A consists of till.
No parameter values were available for the
till for the Hardening soil model. Therefore,
the analyses of section A were conducted
with the more simple Mohr Coulomb model
for which the parameter values for the till
were available.
The modelling of the excavation of the
drainage trench is performed in five steps, as
shown in Figure 4.

(4)
(3)

(5)

Step 5
Step 4
Step 3
Step 2
(4)

Step 1

Figure 5 Construction steps for the new toe berm,
material zones denoted according to Figure 2.

The level of the phreatic line, illustrated in
Figure 2, for this section has been based upon
flow computations performed in the
programme GeoStudio SEEP/W by the
consulting company ÅF. The levels are
+440.5 m.a.s.l for the upstream side and
approximately +400.0 m.a.s.l for downstream
side.
No significant excess pore water pressures
are expected to be built up during the berm
construction,
because
of
the
high
permeability of the adjacent material zones.
The phases for the construction of the toe
berm are modelled as drained phases.

Step 1
Step 2
Step 3
Step 4
Step 5

Figure 4 Excavation steps for the new drainage
trench, material zones denoted according to
Figure 1.

The inclination of the excavation walls is set
to 1V:1.5H, based on a design suggestion by
ÅF.
The phreatic line, see Figure 1, is assigned
upstream to the retention water level, +440.5
metres above sea level (m.a.s.l), since the
planned excavation is assumed to be
performed under normal conditions. At the
downstream side of the dam the water level is
IGS
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4.3 Section C
The constitutive model Hardening soil is
utilised for section C.
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The excavation steps of the soil masses at
the dam toe are shown in Figure 6.
Step 1
Step 2
Step3

(5)
(4)

safety is 1.19, which can be considered as
relatively low.
For the last excavation phase, step 5, the
maximum total deformations in the
excavation reached 60 mm. In Figure 7, for
the last excavation step 5, the zone affected
by the deformations is viewed by colour
shadings. The position and direction of the
maximum deformations is shown by the
arrow. The smaller arrow indicates relative
magnitude and direction of the deformation
in a point of the right trench wall.

Step 4
Step 5
Step 6

(6)

Figure 6 Excavation steps for the removal of the
soil at the dam toe, material zones denoted
according to Figure 3.

The levels of the phreatic line, seen in Figure
3, is also assigned based upon the results
from flow computations in GeoStudio
SEEP/W performed by ÅF. The upstream
water level is at +440.5 m.a.s.l. and the
downstream level is at approximately +400.0
m.a.s.l.
The phases for the excavation at the toe
berm are modelled as drained phases.
5

Figure 7 Section A, deformations in excavation
step 5.

5.2 Section B
The results are found in Table 5; the failure
surfaces are shown in Table 9.

RESULTS

Deformation and stability analyses have been
performed in PLAXIS for all sections.

Table 5 Section B, factors of safety and
accumulated maximum total deformations.

5.1 Section A
Values for the computed factors of safety and
accumulated total deformations for each
excavation phase are shown in Table 4; the
failure surfaces corresponding to the factors
of safety, FoS, are shown in Table 8.
Table 4 Section A, factors of safety and
accumulated maximum total deformations.
Excavation
phase

Factor of
safety

Step 1
Step 2
Step 3
Step 4
Step 5

2.07
1.67
1.47
1.37
1.19

Factor of
safety

Step 1
Step 2
Step 3
Step 4
Step 5

1.36
1.39
1.42
1.45
1.54

Maximum
deformation
[cm]
6.1
6.2
7.9
9.1
10.6

The value of the factor of safety, as seen in
Table 5 and Table 9 are increasing with every
added step of the berm.
For the final computational phase, step 5,
the deformations reached 10.6 cm. The extent
of the maximum total deformations is shown
by colour shadings in Figure 8; the arrows
are indicating the direction of the largest
deformations.
When considering the degradation of the
rockfill material, the maximum total
deformations reached a value of 24 cm in the
last phase, step 5. The distribution of the
deformations is as shown in Figure 8.

Maximum
deformation
[mm]
9.5
22
36
47.5
60

In Table 4 and Table 8, it is seen that the
value of the factor of safety is decreasing for
each excavation step. The computed values
for the factors of safety gives that the trench
slopes are still stable during the excavation
phases. The smallest value of the factor of
NGM 2016 - Proceedings
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been performed with the software GeoStudio
SIGMA/W and SLOPE/W, see GeoStudio
(2009) and GeoStudio (2008).
6.1 Stability
Verification
of
the
slope
stability
computations have been performed in
GeoStudio SLOPE/W with the limit
equilibrium method Morgenstern-Price. The
most critical slip surface and associated slip
surface is searched for at the downstream
side of the dam. For sections A and B, the
factors of safety and failure surfaces are
shown Tables 8-9.
Due to the fact that all slip surfaces for
section C are very similar in location from
the finite element analyses, only one limit
equilibrium analysis is performed in the
verification part for the sixth and final
excavation step. Since the slip surface from
PLAXIS is not circular, the most critical slip
surface in SLOPE/W is specified as in
PLAXIS. The factor of safety and
corresponding failure surface is presented in
Table 10.

Figure 8 Section B, maximum deformations in
part 5.

5.3 Section C
The results from the computations are found
in Table 6.
Table 6 Section C, factors of safety and
accumulated maximum total deformations.
Excavation
phase

Factor of
safety

Step 1
Step 2
Step 3
Step 4
Step 5
Step 6

1.28
1.26
1.25
1.24
1.23
1.20

Maximum
deformation
[mm]
4
5
6
7
10
12

The failure surface for the final excavation
phase, step 6, is found in Table 10. This is
representable for all excavation phases, step
1-6. The lowest factor of safety is relatively
low, with a value of 1.20.
As seen in Table 6, the maximum total
deformation reached 12 mm for step 6. The
extent of the maximum total deformations at
the toe of the dam is shown in Figure 9 by
shadings; the main direction is indicated by
the arrow.

6.2 Deformations
In order to verify the computations of
deformation from PLAXIS, the programme
GeoStudio SIGMA/W is used. The
constitutive model Mohr Coulomb has been
utilised during the verification computations
for section A. For sections B and C, the
constitutive
model
Nonlinear
elastic
Hyperbolic is chosen in SIGMA/W, since
both are based upon the nonlinear
formulation by Duncan and Chang (1970).
The modelling is performed under the same
conditions as in PLAXIS. The maximum
deformations are presented in Table 7; the
distributions of the deformations are shown
in Figures 10-12.
Table 7 Verification of the deformations.
Section
A
B
C

Figure 9 Section C, deformations in excavation
step 5.

6

VERIFICATION COMPUTATIONS

Maximum deformation
42 mm
13.4 cm
15 mm

In order to determine if the results from the
PLAXIS computations are reliable and
trustworthy, complementary analyses have
IGS
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deformations. This kind of monitoring is
intended for the dam in the case study.
Monitoring of the deformations is
valuable, since the results have shown
relatively low factors of safety for sections A
and C. By using the results from the finite
element analyses for establishing alarm
values, a contribution is made to improve the
dam safety. More understanding is gained
about the expected dam behaviour. This
shows some advantages of using a numerical
analysis instead of a more traditional
approach as a limit equilibrium method;
where only a factor of safety is produced and
not deformations.
For section C, the excavation at the toe is
limited in the transversal direction. This
implies that modelling the problem as a plane
strain case in two dimensions is not very
appropriate. In a three dimensional case, soil
masses at the sides cause resisting forces.
Smaller deformations can therefore be
expected from such a case compared to a two
dimensional case. Since the deformations are
already relatively small in plane strain,
modelling in three dimensions was not
considered as necessary.

Figure 10 Section A, deformations from
SIGMA/W.

Figure 11 Section B, deformations from
SIGMA/W.

Figure 12 Section C, deformations from
SIGMA/W.

8

The obtained results from the verification
computations are well conforming to the
results from PLAXIS. Therefore the
conclusion is drawn that the results from the
numerical analyses in PLAXIS are reliable.
7

Based upon the results, the following
conclusions can be drawn:
Section A: The deformations are of largest
magnitude in the direct vicinity of the trench.
The maximum side of the deformations is 60
mm. The direction of the movements is
mostly upward.
Section B: Considering a case where no
degradation of the rockfill material is
occurring, the deformations will take a
maximum size of almost 11 cm in the top of
the new berm. The direction of the
deformations is mainly awry downwards. For
a case including the rockfill degradation, the
maximum
value
of
the
computed
deformations is 24 cm.
Section C: The maximum deformations
caused by the excavation at the bottom of the
toe berm reaches 12 mm. The directions of
the deformations are mostly perpendicularly
outwards from the excavation face.

DISCUSSION

Even though all the planned measures have
indicated stable conditions, meaning a factor
of safety above 1.0 during the simulations, it
can not be determined if that represents a
sufficient stability. This is up to the dam
owner to decide. However, in order to assure
a safe work environment, deformation
monitoring can be conducted during the work
in section A, B and C. Alarm values used to
determine if the deformations are within
reasonable limits, can be chosen prior to the
monitoring. This can, for example, be done
by inspecting trends of the relationship
between computed factors of safety and
NGM 2016 - Proceedings
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The planned measures can be performed
according to the suggestions projected. No
deformations of such size that instability is
occurring have been shown during the
simulations.
The finite element method is a useful tool
for this kind of evaluation; considering the
physically adequate base of the method, the
possibility of determining both deformations
and factors of safety as well as the practical
application of the results for establishing
alarm values.
9
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Table 8 Section A, failure surfaces from PLAXIS and SLOPE/W.
Excavation
phase
1

IGS

PLAXIS

SLOPE/W
FoS = 2.07

FoS = 2.35

2

FoS = 1.67

FoS = 1.82

3

FoS = 1.47

FoS = 1.55

4

FoS = 1.37

FoS = 1.45

5

FoS = 1.19

FoS = 1.15
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Table 9 Section B, failure surfaces from PLAXIS and SLOPE/W.
Toe berm
phase
1

PLAXIS

SLOPE/W

FoS = 1.36

FoS = 1.47

2

FoS = 1.39

FoS = 1.48

3

FoS = 1.42

FoS = 1.51

4

FoS = 1.45

FoS = 1.53

5

FoS = 1.54

FoS = 1.61

Table 10 Section C, failure surfaces from PLAXIS and SLOPE/W.
Excavation
phase
6

NGM 2016 - Proceedings

PLAXIS

SLOPE/W
FoS = 1.20

756

FoS = 1.31

IGS

PAPER 3
Toromanovic, J., Mattsson, H., Knutsson, S. & Laue, J. (2017). Use of parameters identified in
an earth- and rockfill dam application. In Proceedings of the 85th Annual Meeting of International
Commission on Large Dams, 3-7 July 2017, Prague, Czech Republic.
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INTRODUCTION

Obtaining information about the mechanical behaviour in already existing earth- and rockfill dams is
usually challenging. Conventional field sampling for retrieving knowledge about the mechanical
behaviour might negatively affect the dam body and thereby the performance of the dam as well as
the safety. Unwanted effects might especially occur if sampling is performed in the impervious parts of
the dam. Since the dam body might be harmed by traditional sampling, non-destructive methods
would be advantageous to utilise for obtaining information about stress-strain relationship and strength
in a dam structure.
The stress-strain relationship for soil materials is governed by a constitutive model, for which model
parameter values have to be assigned. In an earth- and rockfill dam, all the different zones need to be
presented by a proper constitutive model along with the input of suitable values of the model
parameters. If having suitable constitutive models and model parameter values, the dam structure can
be modelled numerically in e.g. a finite element programme.
A non-destructive method for evaluation of model parameter values is inverse analysis. In such a
method, the evaluation of model parameter values is based on the data from monitoring devices that
are incorporated in the dam. A finite element model of the dam can be calibrated, by changing the
values of the model parameters and repeating computations, until e.g. the deformations from
simulations and monitoring device correspond to each other. The discrepancy between behaviour
from simulations and monitoring device is measured by an error function. When the error function is
minimized, model parameter values that fit the chosen constitutive model are identified.
Since inverse analysis was introduced to the field of geotechnics by Gioda & Sakurai (1987), based on
the inverse analysis theories by Tarantola (1987), the applications have been many. Examples of such
applications are found in e.g, Frossard et al. (2015), Papon et al. (2012) and de Santos (2015).
Vahdati et al. (2013a) adopted inverse analysis to an earth- and rockfill dam, by using an optimization
code developed by Levasseur et al. (2008) combined with the finite element programme PLAXIS.
Vahdati et al. (2013a) verified the inverse analysis technique for an earth- and rockfill dam, showing
that the solutions for the parameters can be identified when having a known answer. Continuing the
work with the same dam, Vahdati et al. (2013b) and Vahdati et al. (2014) obtained reasonable results
for model parameters when performing inverse analysis against real field data; with the expected
result that more advanced constitutive models better represent the real behaviour.
In a case study in Toromanovic (2015) and Toromanovic et al. (2016) modelling of strengthening
actions prior to the event were conducted for the same dam as in Vahdati et al. (2014), and with the
model parameter values identified by Vahdati et al. (2014). The effect of the strengthening actions, in
terms of deformations and safety, were evaluated; this formed a base for the prognosis of behaviour
during strengthening actions.
In this study, the objective is to evaluate how well modelling based on model parameters from inverse
analysis perform when predicting future events for the earth- and rockfill dam discussed above. This is
a continuation of the study in Toromanovic (2015) and Toromanovic et al. (2016), with an update of
the modelling with as-built geometry. Modelling in the current study is performed with model parameter
values evaluated before the event; with inverse analysis. The event, strengthening with a new berm at
the downstream side, was monitored; here the horizontal deformations are focused on. The monitoring
allows comparison between modelled and observed behaviour. Even though the base for the current
study is inverse analysis, it is the performance of the chosen constitutive model that is evaluated.
2.

THE EARTH- AND ROCKFILL DAM

The studied hydropower dam, located in Northern Sweden, was constructed in the 1960s. The dam is
built with a central, impervious core of glacial till surrounded by fine and coarse filters. As supporting
material, rockfill was used. The foundation consists partially of rock and partially of glacial till. At its
highest cross section the dam is 45 metres high. The inclinations of the slopes are 1:1.85 (V:H) and
1:1.7 (V:H) for the upstream and downstream slope, respectively. The highest cross section of the
dam is chosen for this study (Figure 1).
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Inclinometer A
Inclinometer B

+ 440 m.a.s.l

6

+ 430 m.a.s.l

1

2

3

4

5

+ 400 m.a.s.l
7
Figure 1. Cross section of the dam. The zones are: 1 core, 2 fine filter, 3 coarse filter, 4 rockfill,
5 berm, 6 new berm and 7 rock foundation.
Following the Swedish dam safety guidelines, RIDAS, by Svensk energi (2016) the studied
hydropower dam needed strengthening actions. In 2014 and 2015 measures were projected by the
consultancy company ÅF.
Strengthening actions by the berm construction (5) have been taken in the early 1990s, under which
the dam exhibited an unexpected behaviour. Displacements of larger magnitude than expected were
noticed upon placement of the upper part of the downstream berm. Inverse analysis by Vahdati et al.
(2014) indicated that the rockfill (4) experienced a reduction of the stiffness moduli upon placement of
the upper berm part. This is consistent with information from dam documentation, about the rockfill
material being sensitive to increased stress due to the high content of mica. The strengthening actions
on the dam are shown in Figure 2.

Strengthening by first part of berm (5) in 1990

Original geometry

Strengthening by second part of berm (5) in
1993

Strengthening by new berm (6) in 2016

Figure 2. Geometry of the dam.
When the strengthening actions in 2016 were conducted in form of the new berm (6), the monitoring of
deformation behaviour was performed more frequently than before; due to not knowing what
behaviour the dam would exhibit and how it would affect the dam. Near the chosen section in Figure 1,
two inclinometers and a survey peg are located. Information about the monitoring devices is found in
Table 1.
Table 1. Monitoring devices.
Monitoring
device

Measures
displacement

Automatic (A) or
Manual (M)

Position

Inclinometer A

Horizontal

A

Downstream filter

Inclinometer B

Horizontal

A

Downstream rockfill

Survey peg

Horizontal

M

Upstream side of the crest
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The survey peg is not located in the exact same section as shown in Figure 1. It is anyway considered
appropriate to incorporate this monitoring point, since the adjacent section where the survey peg is
located is similar in zoning and height. Details on field measurement are given in e.g. Dunnicliff
(1988).
3.

FINITE ELEMENT MODELLING

Since the dam studied is a long structure, it was appropriate to assume plane strain conditions and
conduct two dimensional modelling. The utilised finite element software was PLAXIS 2D 2016.
Information about the programme can be found in Brinkgreve et al. (2016).
The geometry and size of the model was chosen so that boundary effects are eliminated. Standard
fixities were chosen for the generation of boundary conditions; the outer vertical boundary lines were
normally fixed and the bottom boundary line was fully fixed. A suitable mesh for the computation
accuracy was chosen by refinement until the results did not vary significantly. By this procedure a
sufficient accuracy is obtained, for a minimum computation time spent.
The zones in the dam were modelled to represent drained behaviour, with exception of the core where
undrained behaviour was assigned. This is represented by the option “Undrained A”, using effective
parameters in the finite element software.
Hydraulic conditions have been based on computation results provided from the dam owner and from
the consultancy company ÅF. The phreatic line is based on computations from the programme
GeoStudio SEEP/W and monitoring data; this is shown in Figure 1.
The dam body was built up in five steps in PLAXIS. In this way a proper initial stress field is obtained.
After construction of the dam and filling of the reservoir to +440 metres above sea level (m.a.s.l), the
excess pore pressures were allowed to dissipate. Thereafter the reservoir level was lowered to +430
m.a.s.l, before the lower 20 metres of the downstream berms were built (1990). This was followed by a
raise to +440 m.a.s.l. and further computation until excess pore pressures dissipates. In the next
phase, the upper 20 metres were built (1993), also followed by excess pore pressure dissipation.
Thereafter the outmost berm (6) was constructed (2016). It was built in 10 weeks, assuming a
constant rate of loading, which is a simplification of the real process.
4.

CONSTITUTIVE MODELS

In this study, the constitutive models Mohr Coulomb and Hardening soil have been utilized. The
Hardening soil model has the same failure criterion as the Mohr Coulomb model, but far more
adequate methods of describing the deformations. Information about the models can be retrieved from
e.g. Schanz et al. (1999) and Brinkgreve et al. (2016).
4.1

Inverse analysis methodology

Identification of model parameter values, for the Hardening soil model, was conducted for the event of
constructing the downstream berm (5) in Figures 1 and 2. Deformations, which were measured by an
inclinometer during the construction, were used in the inverse analysis conducted by Vahdati et al.
(2014). The utilised deformation data, in the study by Vahdati et al. (2014), was from “Inclinometer A”
in Figure 1. Sensitivity analyses from Vahdati et al. (2014) showed that the two most sensitive
୰ୣ
parameters for deformations at the inclinometer position are the reference secant stiffness, ହ
, of the
core and of the rockfill, when using the Hardening soil model. These two parameters were therefore
chosen for the optimization.
When the optimization parameters have been chosen, a search algorithm is utilized. The genetic
algorithm, which is inspired by Darwin’s theory of evolution, was chosen for the optimization. The
chosen algorithm, a form of artificial intelligence, was pioneered by Holland (1975). Goldberg (1989)
later continued the development. The genetic algorithm is a global optimization technique, which can
provide a set of solutions close to the global optimum. Details concerning the genetic algorithm can be
found in Haupt & Haupt (2004).
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The genetic algorithm searches within a space that is defined for the optimization parameters, given
by upper and lower bounds. To evaluate the solutions, the discrepancy between the measured values
and the modelled values were evaluated by a scalar error function. The scalar error function,
suggested by Levasseur et al. (2008), is based on the least squares method. The values of the
optimization parameters associated with the lowest value of the error function represent the best
possible match.
The genetic algorithm regards the solutions as individuals. In this case, the individuals will correspond
to a solution for each of the parameters searched for. Here, one individual consists of two values for
୰ୣ
ହ
; one for the core and one for the rockfill. A group of individuals form a population, from which the
best solutions can be evaluated. By evolutionary principles new generations are created from the
populations. When the average value of the error function is not decreasing in value for a new
generation, compared to the previous one, the best set of solutions is found. Results from the inverse
analysis based on the measurements from the inclinometer are shown in Figure 3.
Inclinometer deformation values
Hardening soil model deformation values

45
40

Dam height [m]

35
30
25
20
15
10
0

5
10
15
Horizontal GHIRUPDWLRQ [cm]

20

Figure 3. Best fit for the Hardening soil model from the inverse analysis. Modified from Vahdati
et al. (2014).
Model parameter values corresponding to the dashed line in Figure 3, for the constitutive model
Hardening soil, are shown in Table 2.
4.2

Model parameter values

For the current study, parameters are assumed constant since the construction of the upper berm (5).
Construction of the berm (5) is the case inverse analysis was conducted for. Model parameter values
for the dam zones are shown in Table 2, which are retrieved from Vahdati et al. (2014). Asterisk
markings, in Table 2, are denoting material parameter values identified by inverse analysis.
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Table 2. Model parameter values for the dam body, Hardening soil, from Vahdati et al. (2014).

Zone

ɀ୳୬ୱୟ୲
Ȁଷ

ɀୱୟ୲
Ȁଷ

୰ୣ
୰ୣ
ହ
ൌ ͲǤ ή ୭ୣୢ
ൌ

ͳ ୰ୣ
ή
͵ ୳୰


െ

Ԣ


ԄԢ
ι

ψ
ι

୶ ൌ ୷
m/s


Core

21

23

70-100*

1

20

38

0

3.0E-7

Fine filter

21

23

50

0.5

0

32

2

9.0E-5

Coarse
filter

21

23

50

0.5

0

34

4

5.0E-4

Rockfill

19

21

10-17*

0.5

7

30

0

1.0E-2

Berm (5)

21

23

10

0.5

7

30

0

5.0E-2

୰ୣ
Note: ɀ୳୬ୱୟ୲ is the unit weight above the phreatic level, ɀୱୟ୲ the unit weight under the phreatic level, ହ
୰ୣ
is the reference secant stiffness for primary loading in a drained triaxial test, ୭ୣୢ
is the reference
୰ୣ
is the reference stiffness for unloading/reloading
tangent stiffness for primary oedometer loading, ୳୰
in a drained triaxial test, m is the power for stress-level dependency of stiffness, Ԣ is the effective
cohesion, ԄԢ the friction angle, ψ the dilatancy angle and  ୶ Ȁ ୷ the hydraulic conductivity in the
horizontal and vertical direction, respectively.

The foundation is not expected to be significantly affected by the strengthening actions and thus the
simpler Mohr Coulomb model was chosen. The values are the same as used by Vahdati et al. (2014),
see Table 3.
Table 3. Model parameter values for the foundation, Mohr Coulomb, from Vahdati et al. (2014).
ɀ୳୬ୱୟ୲
Ȁଷ
19

ɀୱୟ୲
Ȁଷ
21




ɋԢ
െ

Ԣ


ԄԢ
ι

୶ ൌ୷

10E3

0.2

0

42

1E-8

m/s

Note: ɀ, ɀ, Ԣ, ԄԢ and Ȁare defined in the note under Table 2.
Ǥ is the Young’s modulus andɋᇱ
LVWhe effective Poisson’s ratio.
For the new berm, parameters were chosen based on the information available for the already
constructed berm (5), since a limited amount of information was available. From the dam owner, the
unit weight for the new berm was known. Further, lower compressibility and higher strength than for
the material in the old berm were assumed, see Table 4, since these were wanted properties when
choosing new material for the berm (6).
Table 4. Model parameter values for the new berm (5), Hardening soil.
ɀ୳୬ୱୟ୲
Ȁଷ

ɀୱୟ୲
Ȁଷ

୰ୣ
୰ୣ
ହ
ൌ ୭ୣୢ
ൌ



ͳ ୰ୣ
ή
͵ ୳୰


െ

Ԣ


ԄԢ
ι

ψ
ι

୶ ൌ ୷
m/s

27
30
25
0.5
0
42
0
5.0E-2
Note: These material parameters do not come from inverse analysis, since the parameter identification
was conducted for the strengthening actions 1990-1993 before the new berm (6) was constructed.
A range of values was identified by inverse analysis for the reference secant stiffness of the core and
the rockfill, respectively, see Table 2. Inverse analysis provides several solutions to the problem.
Some combinations will be used to analyse how sensitive the computation results are to the identified
range of model parameters. The combinations are based on mean values for the moduli and
thereafter combinations of the values for the limits of the upper and lower span, see Table 5.
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Table 5. Combinations for the moduli.
୰ୣ
5RFNILOOହ
>03D@

୰ୣ
&RUHହ
>03D@

Combination
I

85 (Mean)

13.5 (Mean)

II

70 (Lower)

10 (Lower)

III

100 (Upper)

17 (Upper)

IV

70 (Lower)

17 (Upper)

V

100 (Upper)

10 (Lower)

By combining values for the moduli, it can be assessed which combinations are most realistic. The
combination that provides the deformations that are the closest to the reality, will be the best fit.
5.
5.1

DEFORMATIONS AFTER STRENG7+ENING ACTIONS
Total deformations

The result from the finite element computations, in Figure 4, is showing the effect on the dam body of
the added new berm (6) in terms of total deformations. Combination I, from Table 5, is used as input
for the parameter values. The extent of the total deformations, at the stage when the construction of
the berm is completed, is shown by shadings in Figure 4. The arrows, which lenghts are not to scale,
are indicating the direction of the deformations.

Survey peg
Inclinometer B

0

10

20

30

40

50

60

70

80

90

100

110
[mm]

Figure 4. Total deformations from the finite element computations.
The direction of the deformations on the upstream side of the core are almost horizontal. In the core,
deformation directions are horizontal. On the downstream side of the core, the deformations are
starting to be more skewed in the rockfill part. Even further downstream, under the new berm (6), the
deformations are approaching a vertical direction.The deformations in the rockfill and the berm (5) are
basically following the slope of the rockfill material.
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The direction of the total deformations at the position of “Inclinometer B” are quite skewed downwards.
At the survey peg position, in Figure 4, the direction of the total deformation is almost completely
horizontal.
5.2

Horizontal deformations

5.2.1 Inclinometer
In Figure 5, the observed and modelled horizontal deformations from “Inclinometer B” in Figure 1 are
shown for the time when the construction of the new downstream berm is finished. Deformations from
“Inclinometer A” are not shown here, since they are such small magnitude. A deformation with a
positive sign represents movement towards the downstream direction. The curves representing the
modelled cases correspond to the moduli combinations from Table 5.
There are differences between the observed and measured deformations, but a similar trend is
noticed. For the modelled cases, curves for the plotted deformations as a function of depth are
somewhat smoother than the measured. The reason for the curves of the measured deformations not
being smoother might be measurement precision, but also the amount of discrete points compared to
the modelling where the amount of discrete points is significantly larger.

0

Horizontal deformation [mm]
20
40
60

0

5

Depth [m]

10

15

20

25

30

35
Observation
Modelled II
Modelled IV

Modelled I
Modelled III
Modelled V

Figure 5. Inclinometer, observed and modelled horizontal deformations.
Compared to the results from the inverse analysis in Figure 3, the deviations are of the similar size
order in magnitude. For instance, in Figure 3 the difference in deformations for the modelled and the
observed case is around 1-2 centimetres and in Figure 5 the difference is around 2 cm at the top. This
suggests a link between the performance of the optimization and how well a prediction becomes,
based on the results from the optimization. Meaning, the results from the modelling reflect the quality
of the input data for the constitutive model from the inverse analysis. However, if a “perfect”
constitutive model would be employed in the inverse analysis, model parameter values could be
evaluated that would give an exact correspondence to the field behaviour the constitutive model is
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matched against. Perhaps then also the prediction would be in better agreement with the
observations. Anyway, no such “perfect” constitutive has been developed.
For the combinations III and IV, which show slightly lower deformations than for the other modelled
cases, the modulus of the rockfill is set to the higher value of the interval, whereas the moduli for the
core is given the limit values of the interval. Not much effect is seen on the horizontal deformations.
For the combinations II and V, showing higher deformations than using the mean values, the modulus
of the rockfill is set to its lower limit value of the span. Also here it is observed that the modulus of the
core, set to its high and low limit value, has a minor effect on the results.
In summary, the deformations at the location of the inclinometer are more sensitive to the change of
the modulus of the rockfill material than of the core material. This is also to be expected, since the
placement of the inclinometer to a large extent is in the rockfill.
5.2.2 Survey peg
The horizontal deformations at the position of the survey peg are shown as a function of time in Figure
6. The first measurement was conducted approximately 3 weeks after the strengthening actions of the
new berm (6) started. This value is regarded as the zero measurement in order to allow a suitable
comparison with the results from the numerical modelling. For deformations with a positive sign, the
movement is in the downstream direction of the dam.
Time [weeks]
3

4

5

6

7

8

9

10

7

Horizontal deformation [mm]

6
5
4
3

2
1
0
-1
Zero measurement
Modelled II
Modelled V

Observation
Modelled III

Modelled I
Modelled IV

Figure 6. Survey peg, observed and modelled horizontal deformations.
The observed and modelled horizontal deformations are differing by some millimetres. The observed
deformation is increasing, in general. The deviating trend of the observations, at approximately 4-5.5
weeks, is not captured by the modelling. There is a possibility that the deviating trend is a result of
measuring errors.
For combinations II and V, when the modulus of the rockfill is set to its lower limit value, the
deformations in the position of the survey peg are larger. This is showing that the deformations are
sensitive to modulus value changes of the rockfill. Combinations I, III and IV are providing
deformations that are closer to the measured values; all for higher values of the rockfill modulus.
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CONCLUDING REMARKS

This paper presents a case study, on mechanical behaviour of an earth- and rockfill dam, where
horizontal deformations are computed by finite element modelling with the input of some constitutive
model parameter values identified by inverse analysis. A good qualitative and a reasonably good
quantitative agreement between modelled and observed horizontal deformations has been found. The
study is indicating that future dam behaviour can be predicted reasonably well by using model
parameter values identified by inverse analysis.
Inverse analysis was conducted for two optimization parameters against inclinometer measurements.
Between modelling based on parameter values from inverse analysis and reality, trends of
deformations are similar in magnitude. The use of parameter values from inverse analysis in
predictions of future behaviour is promising. Even better conforming results are expected when more
constitutive parameters are optimized at the same time; preferably against different kinds of field
measurements.
As shown in this study as well as in previous research by the authors, the inverse analysis
methodology is working but it is highly effected by the constitutive models chosen. If better constitutive
models are developed and utilised, less discrepancy between field measurements and modelled
measurements are expected.
The model parameter values that were not identified by inverse analysis in this study, were provided
from the dam owner. These model parameter values were intended to be used in design and are
therefore likely to be chosen on the safe side. Choosing values on the safe side can be a contributing
factor to deviations, when deformations are compared.
Assuming, as in this study, that the model parameter values have not changed in this dam since the
early 90s, might also affect the results. With time, the material might obtain changed properties when
the dam is ageing. In order to evaluate the “current” values of the model parameters of the dam, a new
updated inverse analysis is planned performed by the authors in future work.
If optimization by inverse analysis would become available commercial software dam engineers would
have a non-destructive tool to obtain information about the stress-strain behaviour and the strength in
the dam structure. Such a tool can be used as support in the dam performance and dam safety work.
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Effects of Measurement Error on the Genetic Algorithm in Soil Parameter
Identification for an Earth- and Rockfill Dam
Effets des erreurs de mesure sur l’algorithme génétique lors de l’indentification des paramètres
du sol pour un barrage en terre et enrochements
Jasmina Toromanovic, Hans Mattsson & Jan Laue
Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, Sweden,
jasmina.toromanovic@ltu.se
ABSTRACT: It is usually difficult to determine values for soil parameter values in earth- and rockfill dams by traditional methods. Field
sampling is not easily performed, especially in the impervious parts, since the performance and safety of the dam structure may be
affected in an unfavourable way. Therefore other methods, preferably non-destructive, are needed to investigate the mechanical
behaviour.
Inverse analysis has been utilised to identify soil parameter values for an earth- and rockfill dam. An error function and a genetic
search algorithm were combined with a finite element software to perform the analysis. The model parameters in the chosen constitutive
model were calibrated until the horizontal deformations corresponded to the horizontal inclinometer deformations.
Errors or irregularities in field measurements can occur, for instance based on the accuracy of the equipment. In this study, the
performance of the genetic algorithm was investigated, when applied to identify soil parameters for a dam. Added perturbations to
simulated inclinometer data are randomly generated within a chosen interval of error. The results showed that the genetic algorithm found
a minimum for the error function even though the field data was substantially perturbed. Errors up to 10% were shown to have minor
impact.
RÉSUMÉ: Sur les barrages en terre et enrochements, il est habituellement difficile de déterminer les paramètres mécaniques du sol à
l’aide de méthodes traditionnelles. Les essais géotechniques in situ ne sont pas facilement réalisables étant donné qu’ils peuvent nuire
aux performances et à la sécurité des barrages. Ceci est d’autant plus vrai sur les zones imperméables de ces ouvrages. Par conséquent
d’autres méthodes, préférablement non destructives, sont nécessaires pour étudier le comportement mécanique de ces barrages.
Dans cette étude, l’analyse inverse a été utilisée pour identifier les paramètres constitutifs du sol d’un barrage en terre et
enrochements. Une fonction d’erreur et un algorithme génétique ont d’abord été combinés à un logiciel aux éléments finis pour
effectuer l’analyse inverse. Les paramètres du modèle constitutif choisi ont ensuite été ajustés afin que les déformations horizontales
données par le modèle correspondent aux déformations inclinométriques.
Sur le terrain, l’occurrence d’erreurs de mesure est plausible et peut par exemple être due à la précision des équipements. Dans
cette étude, la stabilité de l’algorithme génétique lors de la détermination des paramètres du sol du barrage en question a été
examinée. Des perturbations ont été ajoutées aux donnés inclinométriques simulées au sein d’un intervalle d’erreur choisi. Les
résultats ont montré que l’algorithme génétique était en mesure de trouver un minimum à la fonction d’erreur bien que les données de
terrain étaient substantiellement perturbées. Les erreurs inférieures à 10% avaient un impact mineur sur la stabilité de l’algorithme.
KEYWORDS: dam, deformation, inverse analysis, genetic algorithm, soil parameter identification, perturbation
1

INTRODUCTION

In earth- and rockfill dams, information regarding the
mechanical behaviour of the soil material in the dam zones is
unfortunately often insufficient to provide a decent base for
suitable constitutive modelling. Determination of soil
parameters by traditional methods is not easily performed,
especially in the impervious parts, since the performance and
safety of the dam structure may be affected by sampling in an
unfavourable way.
Inverse analysis, a non-destructive analytical method, can be
utilised to obtain material parameters values for the constitutive
models. A finite element (FE) model is calibrated until the
behaviour observed in the simulation and monitoring
correspond to each other. The calibration is performed
automatically, by a search algorithm, until the discrepancy
between modelled and real behaviour is minimised. Based on
the inverse analysis theories by Tarantola (1987), the technique
was introduced to the geotechnics by Gioda & Sakurai (1987).
Since then, inverse analysis has been applied to various types of
geotechnical applications by e.g. Swoboda et al (1999), Gens et
al (1996), Calvello & Finno (2004), Levasseur et al (2008),
Papon et al (2012) and de Santos (2015). Vahdati et al (2014)
adopted inverse analysis to an earth- and rockfill dam. The
genetic search algorithm was able to identify values for the
material parameters that well captured the field behaviour,

described by the horizontal deformations from an inclinometer.
Identifying material parameters that are reliable forms a better
base for modelling dam behaviour. Inverse analysis can thereby
be a helpful tool in dam safety work.
The same dam as introduced by Vahdati et al (2014), Figure
1, has been studied. The objective here is to assess the effects of
monitoring errors on the results produced by the search strategy.
This is studied by perturbing the horizontal deformation values
at the positions of an inclinometer. A synthetic case is
considered, where the inclinometer data is simulated and
thereby the optimum solution of input material parameter
values is known in advance. The synthetic deformation values
are perturbed within chosen intervals from 1% up to 100%. The
effects on the search strategy are assessed in terms of proximity
to the solution of the unperturbed synthetic case.
2

THE EARTH- AND ROCKFILL DAM

The analysed earth- and rockfill dam is 45 metres high, with a
crest width of 6.5 metres. The inclination of the upstream slope
is 1:1.85 (9:+) and 1:1.7 (9:+) for the downstream slope. The
dam is built with a central impervious core of glacial till.
Adjacent to the core, there are fine and coarse filters. As
supporting zones, rockfill is placed on the sides of the coarse
filter. The foundation in the analysed section consists of rock.
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Table 1. Material parameter values for the constitutive model Hardening soil; dam body.
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Figure 1. Cross section of the dam. After Vahdati et al (2014).

The studied dam is well equipped with various types of
installations; measuring e.g. deformations, seepage etc.
Deformation values from the position of a manual inclinometer,
shown in Figure 1, are used in the analysis.
3 CONSTITUTIVE MODELS AND MATERIAL
PARAMETERS
Vahdati et al (2014) found that the Hardening soil model was
describing the soil behaviour of the dam reasonably well,
therefore the model was chosen for this study too. For the
foundation, the Mohr Coulomb model was chosen. Since the
inverse analysis did not incorporate the foundation, a simpler
constitutive model was considered as sufficient. More
information on the models, as well as material parameter
notations, can be found e.g. in Brinkgreve et al (2014) or
Schanz et al (1999).
The values of the material parameters, corresponding to the
chosen constitutive models, are shown in Table 1 and Table 2.

Refinement of the mesh was performed especially in the area
were the inclinometer is installed, to obtain higher accuracy of
the computations and also because nodes need to coincide with
the inclinometer measuring points. A suitable mesh for the
computation accuracy was chosen by refinement until the
results did not vary significantly. By this procedure a sufficient
accuracy is obtained, for a minimum computation time.
All zones were modelled to represent drained behaviour,
with exception of the core where undrained behaviour was
assigned. This is represented by the option Undrained A using
effective parameters in PLAXIS.
The dam body was built up in five steps, in this way a proper
initial stress field is obtained. After construction of the dam and
filling of the reservoir to +440 metres above sea level (m.a.s.l),
the excess pore pressures were allowed to dissipate. Thereafter
the reservoir level was lowered to +430 m.a.s.l, before the
lower 20 metres of the downstream berm were built. This was
followed by a raise to +440 m.a.s.l. and dissipation of excess
pore pressures. In the next phase, the upper 20 metres were
built. The deformations were reset to zero before the lower 20
metres were constructed. Deformations were measured directly
after the final construction; excess pore pressures in the core
were not dissipated.

Table 2. Material parameter values for the constitutive model Mohr
Coulomb; foundation.
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Figure 2. FE model of the dam. After Vahdati et al (2014).

5
5.1

4

FINITE ELEMENT MODELLING

Since the studied dam is a long structure, it was appropriate to
assume plane strain conditions and conduct two dimensional
modelling. The utilised FE software was PLAXIS 2D 2011.
Minor modifications to the original cross section, shown in
Figure 1, were performed when idealising the geometry into the
FE programme, see Figure 2. The upstream toe berm was
neglected due to the similarity in its material properties
compared to the properties of the rockfill. Since consolidation
time was not of interest, the horizontal filters were omitted.
The size of the geometry model was chosen so that the
extent eliminated boundary effects. Standard fixities were
chosen for generation of boundary conditions. The outer
vertical boundary lines were normally fixed. The bottom
boundary line was fully fixed.

SOIL PARAMETER IDENTIFICATION
Error function

The discrepancy between the measured values and the modelled
values was evaluated by a scalar error function, suggested by
Levasseur et al (2008). The error function was based upon the
least-square method
మ

ଵ

ܨ ൌ ቆ σே
ୀଵ

ቀ ି ቁ

ே

ο

మ

ଵȀଶ

ቇ

(1)

where ܰ is the number of measurement points, ܷ the
experimentally measured value, here deformations from an
inclinometer. ܷ is the corresponding deformation value from
the numerical calculation. The error function has the unit of
length. The parameter οܷ consists of two parts
οܷ ൌ ߝ  ߙܷ 







(2)
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where ߝ represents an absolute error and the parameter ߙ
represents a dimensionless relative error. In this study, just as in
Vahdati et al (2014), the focus is laid on the absolute error,
meaning ߝ ൌ ͳ and ߙ ൌ Ͳ. 

minimum is represented by the perturbation ߰ ൌ Ͳ when the
solution corresponds to OPT. The following perturbation
intervals,ȁݔȁ, are considered: 1, 2, 4, 6, 8, 10, 20, 30 and 100%.
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Figure 3. Minimum solutions for the perturbed deformation values.

PERTURBATIONS

All modelling was run towards a synthetic case, where the
inclinometer data was simulated in the FE-programme. The


optimum solution (OPT) is known as [ܧହǡ , ܧହǡோ ] = [56.250
MPa, 7.8125 MPa].
In order to investigate how the search strategy (GA) is
affected by errors in the experimental data, the synthetic
horizontal deformations from the inclinometer position are
perturbed. Following a similar mathematical procedure as
Mattsson et. al (2001), perturbations are randomly generated
within a chosen interval
െ ൏ ɗ ൏ 

(4)

where ȁȁ represents the limits of the intervals and ߰ is the
randomly generated perturbation. Thereafter the horizontal
deformation values are perturbed as
ݑ௫ǡ௧௨ௗ ൌ ݑ௫ ή ሺͳ  ߰ሻ

(5)

where ݑ௫ is the deformation measured at each measurement
point in the inclinometer. A new value for ߰ is generated for
each point of the inclinometer deformations. The global

For perturbation intervals up to 10%, the minimum solutions for
each interval are gathering around the global optimum (OPT).
For higher perturbation intervals, 20% and above, the distance
from the global optimum to the minimum point increases.
The global minimum is not found exactly when searched for
with perturbed deformation values. This should not be regarded
as misbehaviour of the algorithm, but rather as a consequence
of the introduction of the perturbed set of inclinometer values.
7.2 Set of solutions
The GA will produce many possible solutions; one method of
indicating acceptable solutions is by choosing limits for the
error function, ܨ . A low value of ܨ is chosen in order to
visualise the behaviour of the sets of solutions, both for small
and large perturbation intervals. In Figure 4 solutions for
ܨ ൏ ͵ ή ͳͲିଷ are shown, for the perturbation interval 1%.
The number of solutions is 560. However, only a limited
amount of these are visible because points can represent
multiple solutions and the solutions are gathered around the
global optimum (OPT).
ͳ

ͳǡ 



ͳͲͲ
ͻͲ

݂݁ݎ

Sensitivity analyses, performed by Vahdati et al (2014), showed
that the two most sensitive parameters for deformations at the

inclinometer position are the reference secant stiffness, ܧହ ,
of the core and of the rockfill. Therefore these two parameters
have been chosen for the optimization.
The search domain was limited by lower and upper bounds
for each search variable; based on the previous study by
Vahdati et al (2014). The bounds for the search domain are: 5


MPa ≤ ܧହǡ ≤ 90 MPa and 5 MPa ≤ ܧହǡோ ≤ 20 MPa; for the
core and rockfill, respectively.
The initial population size of 240, with offspring generations
of 120, was found to be suitable by Vahdati et al (2014) and is
also applied to the present study.
6

Minimum solutions

The obtained values for the optimization variables, ܧହǡ and

ܧହǡோ , are plotted for the minimum value of the ܨ for the
intervals of perturbation. In Figure 3 the minimum solution for
each interval is shown along with the global optimum (OPT),
which represents the unperturbed case.
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5.3
size

7.1

݂݁ݎ

The genetic algorithm (GA) is inspired by Darwin’s theory of
evolution. The GA, a form of artificial intelligence, was
pioneered by Holland (1975). Goldberg (1989) later continued
the development. The GA is a global optimization technique,
which can provide a set of solutions close to the global
optimum.
The process of optimization consists of some stages. Firstly,
an initial population is created; which consists of a number of
randomly generated individuals. The error function is evaluated
for each individual. Thereafter the evolutionary processes
selection, reproduction and mutation are applied. Only the
individuals with the best fitness are chosen to be parents. In a
random process the parents are paired to generate offspring.
However, some offspring are randomly mutated. The next
population will consist of the best parents and the best
offspring. The processes are repeated until the average value of
the error function for each new population does not vary
significantly. Mutations are necessary for the solution not to
converge too fast, before sweeping the search domain. Details
concerning the GA can be found in Haupt & Haupt (2004).

RESULTS
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Genetic algorithm
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Figure 4. Solutions for perturbation interval 1%.
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Sets of solutions are shown for the perturbation intervals 10%
and 20%, see Figures 5 and 6. Similar spreading in the solutions
is seen in Figure 5, compared to the solutions in Figure 4. From
Figure 6, it can be seen that the spreading of the solutions
increases compared to Figure 5. The number of solutions
slightly decrease from the perturbation interval ȁȁ ൌ ͳ and
ȁȁ ൌ ͳͲ; a larger decrease is observed between ȁȁ ൌ ͳͲ and
ȁȁ ൌ ʹͲ.
The results in Figure 6 shows that solutions fulfilling
ܨ ൏ ͵ ή ͳͲିଷ for ȁȁ ൌ ʹͲ, can be found near the optimum;
even though the minimum point is further away from the
optimum.
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Figure 5. Solutions for perturbation interval 10%.
ʹͲ

ͳͲͲ

ʹͲǡ 


274
solutions

ͻͲ
ͺͲ

݂݁ݎ

ܧͷͲǡ ܥሾܽܲܯሿ

9

Ͳ
Ͳ
ͷͲ
ͶͲ
͵Ͳ
ʹͲ
ͷ

ͳͲ

ܧͷͲǡܴ ሾܽܲܯሿ
݂݁ݎ

ͳͷ

ʹͲ

Figure 6. Solutions for perturbation interval 20%.
For ȁȁ ൌ ͵Ͳ and ȁȁ ൌ ͳͲͲ no solutions fulfilling
ܨ ൏ ͵ ή ͳͲିଷ were found by the GA. With increased ȁݔȁ,
fewer solutions are found for ܨ ൏ ͵ ή ͳͲିଷ . This trend
implies that it is more difficult for the search strategy (GA) to
deliver solutions with a low value of the ܨ with increased
ȁݔȁ.
CONCLUDING REMARKS

This study gives an indication of how random measurement
errors are affecting the performance of the search strategy. The
genetic algorithm is able to find a minimum solution for the
optimization parameters even though the field data is
substantially perturbed. This shows that the search strategy can
handle errors, which is beneficial when field data is considered
where errors are likely to occur. However, if data containing
errors is incorporated the found and the “real” solution can
deviate from each other.
This study suggests that errors under 10% do not have large
impact, on the results for this case. The genetic search
algorithm can continue to find solutions near the global
optimum. Larger errors than 10% present solutions that deviate
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ͷ

8

significantly from the global optimum. However, the algorithm
is continuing the optimization process and finding solutions
without collapsing. This shows one of the strengths of the
genetic algorithm.
In the utilised optimization code, the occurrence of errors
can be taken into consideration by the error function. By giving
the experimentally measured values more or less weighting; in
this case by adjusting the values of ɂ and Ƚ.
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ABSTRACT: It is usually difficult to determine values for soil parameters in embankment dams
by traditional methods. Field sampling is not easily performed, especially in the impervious parts,
since the performance and safety of the dam structure may be affected in an unfavourable way.
Other methods, preferably non-destructive, are needed to investigate the mechanical behaviour.
Inverse analysis is such a method, where soil parameter values are identified by minimising the
difference between readings from monitoring of the dam and the corresponding results obtained
from numerical modelling.
For an embankment dam in Northern Sweden, inverse analysis has been utilised to identify soil
parameter values. An objective function and a genetic search algorithm were combined with a
finite element software to perform the analysis. The model parameter values in the chosen
constitutive model were calibrated until the computed horizontal deformations corresponded to
the horizontal deformations from inclinometer measurements.
Errors in field measurements can occur, for instance based on the accuracy of the equipment.
Many search algorithms utilised in mathematical optimisation are sensitive to such errors. In this
study, the performance of the genetic algorithm was investigated, when applied to identify soil
parameter values for a dam based on inclinometer data containing errors. For the errors to be
known in advance, numerically generated data (i.e. synthetic data) was used in this study.
Added perturbations to the inclinometer data are randomly generated within chosen intervals of
error. The results showed that the genetic algorithm can search for solutions without breaking
down even though the field data is substantially perturbed. For what can be considered as normal
errors in inclinometer measurements, the genetic algorithm is able to find good solutions. When
the errors become gradually larger, the genetic algorithm starts to get more and more problems to
find a solutions and if solutions are found they might significantly deviate from the unperturbed
solution.

1 Introduction
In embankment dams, information regarding the mechanical behaviour of the soil material in the
dam zones is often insufficient to provide a decent base for constitutive modelling. Also, changes
with time in the material could occur. Even if the parameter values were available it is not sure
that they would represent the current conditions of the dam structure.
Determination of soil parameter values by traditional methods, in already existing dams, is not
easily performed. The difficulties may especially occur in the impervious parts, since the

performance and safety of the dam structure may be affected by sampling in an unfavourable
way.
Inverse analysis, a non-destructive method, can be utilised to identify material parameter values
for constitutive models. A finite element model is calibrated until the behaviour observed in
simulation and monitoring correspond to each other. The calibration of material parameter values
is performed until the discrepancy between modelled and real measurements is minimised. The
discrepancy is controlled by evaluating the objective function. The calibration is performed
automatically, by utilising a search algorithm.
Based on the inverse analysis theories by Tarantola (1987), the technique was introduced to
geotechnical engineering by Gioda & Sakurai (1987). Since then, inverse analysis has been
applied to various types of geotechnical applications by e.g. Swoboda et al. (1999), Gens et al.
(1996), Calvello & Finno (2004), Levasseur et al. (2008), Papon et al. (2012) and de Santos
(2015). Vahdati et al. (2014) adopted inverse analysis to an embankment dam, where the genetic
algorithm was used as the search strategy in combination with the finite element code PLAXIS,
see Brinkreve et al. (2016). The search algorithm was able to identify values for the material
parameters that well captured the field behaviour, described by the horizontal deformations from
an inclinometer. The methodology was also verified towards synthetic data, both in studies by
Levasseur et al. (2009) and Vahdati et al. (2013), ensuring that the utilised code is performing
correctly.
The same dam as discussed by Vahdati et al. (2014) has been examined in this study. The
objective here is to assess the effects on the search strategy by introducing random noise on
measurement values from installations. The effects of random noise are studied by perturbing the
horizontal deformation values from an inclinometer. A synthetic case is considered, where the
inclinometer data is numerically generated by numerical modelling. Having synthetic data, the
optimum solution represented by the input material parameter values is exactly known in advance.
The benefit of using a synthetic case is that it focuses the study on the performance of the
parameter identification technique, rather than on the final parameter values as the correct
solution is already known. In addition, in a synthetic case it is certain that the constitutive model
is able to capture the behaviour of the soil material involved in the dam structure.
Different search strategies can be employed when working with optimisation problems. The
search algorithm should find the global minimum in a time efficient manner. In general, faster
algorithms are expected to have more problems with perturbations as they might get trapped in a
local minimum.
For inverse analysis of embankment dams, by Vahdati et al. (2013 & 2014), the choice was a
slow and robust search algorithm in form of the genetic algorithm. Since the chosen search
algorithm is known for its robustness, it is expected that perturbations can be handled. However,
the only certain method to know for sure is to test this assumption. Therefore, this study is carried
out to evaluate the effects of perturbation in the performance of the genetic algorithm.
The synthetic deformation values are perturbed within chosen intervals from 1% up to 100%. The
performance of the genetic algorithm is assessed in terms of proximity of the optimum solutions
for the perturbed cases to the optimum solution of the unperturbed case. The unperturbed case is
considered as the optimum solution. Sets of solutions are also assessed. The convergence is of
the genetic algorithm is also studied, by evaluating how the value of the objective function
changes with the number of iterations.

A part of this study was published by Toromanovic et al. (2017), as preliminary results in a
conference proceedings. In the present paper, the study is extended as well as the analysis and the
implication of the results.

2 The embankment dam
The analysed embankment dam, located in Northern Sweden, was constructed in the 1960s.
The dam was built with a central, impervious core of glacial till surrounded by fine and coarse
filters. The shoulders, supporting zones, are constructed of rockfill from the blasting of the
former river bed. The foundation consists partially of rock and partially of glacial till.
The height of the dam is 45 metres, with a crest width of 6.5 metres. The inclinations of the
upstream and downstream slopes are 1:1.85 (V:H) and 1:1.7 (V:H), respectively. The highest
cross section of the dam, shown in Figure 1, is chosen for this study. The studied section is
founded on rock.

Figure 1. Typical cross section of the dam.
The studied dam is equipped with various types of instrumentation for measurement of e.g.
deformations, pore pressure and seepage. The position of an inclinometer, located next to the
core, is shown in Figure 1.

3 Constitutive modelling
Vahdati et al. (2014) found that the Hardening soil model was reasonably well describing the
soil behaviour of the dam, therefore the same model was chosen for this study. For the
foundation, the Mohr Coulomb model was chosen. Since parameter values of the foundation
were not identified and the rock foundation is stiff, a simpler constitutive model was considered
as sufficient.
3.1 The Hardening soil model
The Hardening soil model is based on the hyperbolic Duncan-Chang model, Duncan & Chang
(1970), but is extended under the framework of plasticity. The Hardening soil model has the
same failure criterion as the Mohr Coulomb model. A significant difference is that the
deformation behaviour can be more realistically modelled using the Hardening soil model in
comparison with the Mohr Coulomb model, since the stiffness is stress dependent and the model
is able to distinguish between loading and re-loading. For the more advanced description of the

stress-strain behaviour, several moduli are required. Typical response of a drained triaxial test
and an oedometer test are shown in Figure 2, where the moduli for the Hardening soil model
are defined.

Figure 2. Definition of moduli in the Hardening soil model. After Brinkgreve et al. (2016).
If not enough soil tests are performed to identify all values of the moduli, the approximate
relationship
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where  is the reference pressure and m is the parameter for the power of the stress level
dependency. Similar relations are available for the tangent stiffness for primary oedometer
loading, ܧௗ , and for the unloading/reloading modulus ܧ௨ .
In the PLAXIS program, there are restrictions on combinations of the values of the moduli.
This is linked to internal parameters of the Hardening soil model. Calibration of these internal
parameters are controlled by internal processes in PLAXIS. This internal calibration process is
linked to the optimisation code, assigning values that are suitable. More information on the
Hardening soil model can be retrieved from e.g. Brinkgreve (2005), Brinkgreve et al. (2014)
or Schanz et al. (1999).
3.2 Material parameter values
The values of the material parameters, corresponding to the chosen constitutive models, are
shown in Table 1 for the dam body and Table 2 for the foundation. The cross section of the dam
is shown in Figure 1, where the zones listed in Table 1 are shown. As can be seen in Table 1,
two of the parameters are optimised.

Table 1. Material parameter values for the constitutive model Hardening soil; dam body.
ͳ  ݉
Zone
ȥ
݇௫ ൌ ݇௬
ɀ୳୬ୱୟ୲
ܿ
߶Ԣ
ɀୱୟ୲


ܧହ ൌ ܧௗ ൌ ή ܧ௨
ଷ
ଷ
͵
ι
െ  ι
Ȁ
Ȁ
m/s

Core

21

23

OPTIMISED

0.8

20

38

0

3.0E-7

Fine
filter

21

23

50

0.5

0

32

2

9.0E-5

Coarse
filter

21

23

50

0.5

0

34

4

5.0E-4

Shoulder

19

21

OPTIMISED

0.5

7

30

0

1.0E-2

Berms

21

23

10

0.5

7

30

0

5.0E-2

The values of the unsaturated and saturated unit weights, friction angles and hydraulic
conductivities of the soil are obtained from material provided by the dam owner. The cohesion
values are taken from a previous study by Vahdati et al. (2014) on the same dam section.
The relation between the moduli from Equation 1 is applied. The reference pressure is kept at
the standard value of 100 kPa. According to Brinkgreve (2005) and Brinkgreve et al. (2016) a
typical value of the parameter m for clayey material is 1, and for more granular material this
value can be chosen to 0.5. For the glacial till core, the value of m is chosen to 0.8. This is based
on the above recommendations and von Soos (1990). Consequently, for the granular material
zones fine filter, coarse filter, shoulder and berms the value of m is chosen to 0.5. The values
for the dilatancy angle are assigned according to a simplified relation from Brinkgreve et al.
(2016)
߰ ൌ ߶ ᇱ െ ͵Ͳ
(3)
ᇱ
where ߰ is the dilatancy angle and ߶ is the friction angle. Equation 3 is applied for all dam
zones, except the dam core. A zero dilatancy angle is chosen for the dam core as this is
recommended in Brinkgreve at al. (2016) when choosing an undrained analysis based on
effective parameters, in order to limit the shear strength.
Relatively high values of the material parameters were chosen for the foundation, as the small
deformations in the stiff rock foundation were not considered of importance in this study. The
material parameter values for the Mohr Coulomb model are presented in Table 2.
Table 2. Material parameter values for the constitutive model Mohr Coulomb; foundation.
݇௫ ൌ ݇௬
ߛ௨௦௧
ߛ௦௧
ܿ
߶Ԣ
ܧ
ݒᇱ
ଷ
ଷ

െ

ι
Ȁ
Ȁ
m/s
19

21

10E3

0.2

0

42

1.0E-8

4 Finite element modelling
Since the studied dam is a long structure, it was appropriate to assume plane strain conditions
and conduct two dimensional modelling. The utilised finite element software was PLAXIS 2D

2011, as the optimisation code (described in Chapter 5) is linked to this version. Information
about the finite element code can be found in Brinkgreve et al. (2016).
Minor modifications to the original cross section, shown in Figure 1, were performed when
idealising the geometry into the finite element code, see Figure 3. The following modifications
were done:
x The upstream cofferdam was neglected due to the similarity in its material properties
compared to the properties of the shoulder material.
x Since consolidation time was not of interest, the horizontal filters were omitted.

a)

b)
Figure 3. Finite element model of the dam, showing: a) construction of the lower part of berm
and b) construction of the upper part of berm
All dam zones were modelled to represent drained behaviour, with exception of the core where
undrained behaviour was assigned. Undrained behaviour of the core was modelled by using
effective parameters in PLAXIS. Since the glacial till core has a low permeability, undrained
behaviour is expected.
The modelling in PLAXIS is performed in several steps, following the real construction
sequence of the dam, with the procedure as:
x Construction
The dam body was built up in five steps, each consisting of equally thick layers. In
this way, the construction sequence is mimicked and a proper initial stress field is
obtained. Full saturation of the core was assumed. The “K0 procedure” is adapted,
using Jaky’s formula ( ܭ ൌ ͳ െ  ߶Ԣሻ for the ratio between the vertical and
horizontal stress. Full dissipation of the excess pore water pressures in the core that
are built up during construction are performed after the dam has been constructed.
x Impoundment
Filling of the reservoir to +440 metres above sea level (m.a.s.l). The phreatic line,
shown in Figure 3, is based on seepage computations and monitoring data. The excess
pore pressures in the core were fully dissipated.

x
x

x
x

Low reservoir level
Lowering of the reservoir level to +430 m.a.s.l.
First part of berm
Construction of the lower 20 metres of the downstream berm, see Figure 3. The
deformations were reset to zero in this computational phase, meaning that all
deformations are counted from the beginning of this computational phase and
forward.
Normal reservoir level
Raise to +440 m.a.s.l. and full dissipation of excess pore pressures.
Second part of berm
In the next phase, the upper part of the berm were built. Deformations were extracted
in the inclinometer position in Figure 1 directly after the final construction, not
allowing the excess pore pressures in the core to dissipate.

The size of the geometry model was chosen large enough to obtain realistic boundary effects.
Standard fixities were chosen for generation of boundary conditions, meaning that the outer
vertical boundary lines were normally fixed and the bottom boundary line was fully fixed. An
illustration of the boundary conditions is found in Figure 4a. Local refinement of the mesh was
performed especially in the area were the inclinometer is installed, to obtain higher accuracy of
the computations and also because nodes need to coincide with the inclinometer measuring
points. A suitable mesh for the computation accuracy was chosen by gradually decreasing the
element size, until the results did not vary significantly. By this procedure, a sufficient accuracy
is obtained while minimising the computation time. The mesh is displayed in Figure 4b.

a)

b)
Figure 4. Finite element model of the dam, showing: a) boundary conditions and b) finite
element mesh.

5 Soil parameter identification
In the process of soil parameter identification by inverse analysis, a finite element model is
calibrated towards field measurements. By performing such a calibration, the material
parameter values for a chosen constitutive model are allowed to be determined from quantities
measured in situ. In this chapter, an overview of the calibration process is given as well as the
application of the methodology for an embankment dam. A flow-chart of the process is
presented in Figure 5, where this is describing the iterative approach to solve the inverse
problem.

INITIAL PARAMETERS

NUMERICAL COMPUTATION
(PLAXIS)

OBJECTIVE
FUNCTION
MINIMISED?

YES

PARAMETER UPDATE BY THE
SEARCH ALGORITHM

NO

OPTIMAL
PARAMETERS

Figure 5. Flow chart of the soil parameter identification process.
It can be seen that the optimisation part of the process basically consists of two parts, the
formulation of an objective function and the selection of a search strategy. Initial parameters,
or trial parameters, are used as input values in the numerical computation in PLAXIS.
Thereafter, the numerical computation is run, in order to evaluate how close the result the input
parameters are based on is to the real values. Meaning, if the objective function is minimised
then the best possible parameters are found. Usually a part of this iterative process is to continue
searching for an appropriate solution. Then the input parameters are adjusted by the employed
search algorithm.
5.1 Objective function
The discrepancy between the measured values and the modelled values is evaluated by a scalar
objective function, suggested by Levasseur et al. (2007). The objective function, ܨ , is based
upon the least squares method
మ

ଵ

ܨ ൌ ቆ σே
ୀଵ
ே

ቀ ି ቁ
ο మ

ଵȀଶ

ቇ

(4)

where ܰ is the number of measurement points, ܷ the measured values, here synthetic
deformations from the position of an inclinometer and ܷ is the corresponding deformation
values from the numerical computation. The parameter οܷ consists of two terms

οܷ ൌ ߝ  ߙܷ

(5)

where ߝ in the first term controls an absolute error and the dimensionless parameter ߙ in the
second term controls a dimensionless relative error. In this study, as in Vahdati et al. (2014),
the focus is laid on the absolute error, meaning ߝ ൌ ͳ and ߙ ൌ Ͳ. By application of these
factors, the objective function will be simplified to
ଵ

ଶ ଵȀଶ

ܨ ൌ ቀ σே
ୀଵ൫ܷ െ ܷ ൯ ቁ
ே

(6)

and it can now be interpreted to have the unit of length for the inclinometer measurements.
Equation 6 will represent the average difference of the measurement values and the numerically
simulated values at the points along the inclinometer.
5.2 Genetic algorithm
To minimize the objective function, the genetic algorithm is employed. The genetic algorithm
is a search algorithm inspired by Darwin’s theory of evolution. The genetic algorithm, a form
of artificial intelligence, was pioneered by Holland (1975). Goldberg (1989) later continued the
development. The genetic algorithm has been applied in several scientific fields for parameter
identification. For optimisation problems in geotechnical engineering, the genetic algorithm
was firstly adopted by Levasseur et al. (2008). The genetic algorithm is a global optimisation
technique, which can provide a set of solutions close to the global optimum.
The genetic algorithm is using populations of individuals for the optimisation. An individual is
the combination of the optimisation parameters. E.g. if two parameters are searched for, then
the individual will consist of the two values corresponding to the two chosen parameters.
Firstly, an initial population is created which consists of a number of randomly generated
individuals, forming the “parent generation”. The fitness of the solution is evaluated through
an objective function for each individual. The evolutionary processes selection, reproduction
and mutation are applied. Only the individuals with the best fitness, evaluated by the objective
function, are chosen as parents. In a random process the parents are paired to generate offspring.
However, some offspring are randomly mutated. The next population will consist of the best
parents and the best offspring. The processes are repeated until the average value of the error
function for each new population does not vary significantly. Mutations are necessary for the
solution not to converge too fast, before sweeping the search domain. Details concerning the
genetic algorithm can be found in e.g. Haupt & Haupt (2004).
5.3 Application to an embankment dam
For the embankment dam described in Chapter 2, Vahdati et al. (2014) identified some
parameters in a previous study. Sensitivity analyses showed that the two most sensitive
parameters for deformations at the inclinometer position were the reference secant stiffness,

ܧହ , of the core and of the rockfill. The sensitivity analysis was carried out in such a way that
one parameter was changed at the time in order to evaluate its effect on the deformations at the
inclinometer position.
The search domain was limited by lower and upper bounds for each search variable; based on
findings by Vahdati et al. (2014). The bounds for the search domain are presented below in

Table 3. Further, the search domain consists of a “grid”, or a step size value, which is also given
in Table 3.
Table 3. Parameters of the search domain.


Parameter
ܧହǡ
ܧହǡோ
Minimum value
20 MPa
5 MPa
(lower bound)
Maximum value
100 MPa
20 MPa
(upper bound)
Step size value
1.250 MPa
0.234 MPa
The initial population size of 240, with offspring generations of 120, was found suitable by
Vahdati et al. (2014) and is therefore also applied to the current study. From the observational
data of the dam, deformations from an inclinometer were considered. The inclinometer has 40
measuring points along the depth. In Vahdati et al. (2014) the data from the bottom part of the
inclinometer was found not to be reliable, which lead to disregarding data from the bottom 10
out of 40 points. Therefore, the present study is continued with the 30 points. The position of
the inclinometer is shown in Figures 1 and 6.

6 Perturbations of field data
6.1 Generating synthetic field data
The inclinometer data in this study was generated in the finite element code, using the approach
described in Chapter 4. Further optimisation was performed towards the synthetic, i.e.
numerically generated, data. Even though the data utilised here for the study is synthetic, this
is a method for testing the algorithm under controlled conditions. This method guarantees the
occurrence of a unique solution, here called optimum solution, which is not the case in
optimisation towards real field data.




For the generated data, the optimum solution is known as [ܧହǡ , ܧହǡோ ] = [56.250 MPa, 7.8125
MPa]. The same amount of digits is used in both parameter values in the optimisation code,
causing somewhat different accuracy. The optimum solution is chosen based on optimisations
against real field data. The range of deformations are representing the behaviour in the dam
after placement of the upper part of the downstream berm, in terms of the deformations being
realistic. As in reality, the generated deformations are in the downstream direction.
When numerically generating the inclinometer data with the “optimum solution”, the
deformations in Figure 6 are obtained.

Optimum solution
45
40

Dam height [m]

35
30
25
20
15
10
0

10
20
30
Synthetic horizontal deformation [cm]

Figure 6. Synthetic horizontal deformations based on the optimum solution and a sketch the
location of the inclinometer in the dam body.
6.2 Generating perturbations
In order to investigate how the performance of the genetic algorithm is affected by noise in the
experimental data, the synthetic horizontal deformations from the inclinometer position are
perturbed. Following a similar mathematical procedure as described in Mattsson et al. (2001),
perturbations are randomly generated within a chosen interval
െ ݔ൏ ߰ ൏ ݔ

(7)

where ȁȁ represents the limits of the interval and ߰ is the randomly generated perturbation.
The 30 discrete measuring points ݊ ൌ ͳǡ ʹǡ ͵ ǥ ͵Ͳ along the inclinometer in Figure 6 are
numbered step by step from the bottom of the inclinometer and upwards. The value of the
horizontal deformation, ܷ , at the measuring point ݊ along the inclinometer is
ܷ ൌ σୀଵ οܷ

(8)

where οܷ is the difference in deformation between adjacent points, in such a way that for the
bottom point ݊ ൌ ͳ the difference in deformation is οܷଵ ൌ ܷଵ and for points with ݊  ͳ the
difference in deformation is οܷ ൌ ܷ െ ܷିଵ .
The horizontal deformation values are perturbed as
οܷሺ௧௨ௗሻǡ ൌ οܷ ሺͳ  ߰ ሻ
ܷ௧௨ௗǡ ൌ σୀଵ οܷሺ௧௨ௗሻǡ

(9)

where ܷ௧௨ௗǡ and οܷሺ௧௨ௗሻǡ are the perturbed values of ܷ and οܷ , respectively.
A new value of ߰ is randomly generated for each point ݊ in Equation 9. By perturbing the
difference in deformation between adjacent points οܷ , an accumulated error is taken into
consideration.
The global minimum is represented by the perturbation ߰ ൌ Ͳ (unperturbed case), which
corresponds to the optimum solution. The following perturbation intervals,ȁݔȁ, are considered:
1, 2, 4, 6, 8, 10, 13, 15, 17, 20, 25, 30, 50, 70 and 100%. Since an interval is used for generating
the errors, the error can be anywhere within that interval. In Figures 7-9, the perturbations and
corresponding deformations are shown for 2% and 20%. A lower and a higher value of the
perturbation interval is chosen, in order to visualise the effects of the perturbation on the
deformations.The scatter of the error interval is visualised in the left part of Figures 7-9.

45

45

40

40

35

35
Dam height [m]

Dam height [m]

Optimum solution

30

25

2% perturbation

30

25

20

20

15

15

10

10
-2

-1

0
1
Perturbation [%]

2

0

5
10
15
20
25
Synthetic horizontal deformation [cm]

Figure 7. Perturbation for ȁݔȁ = 2% and corresponding horizontal deformations at different
levels in the dam.
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Figure 8. Perturbation for ȁݔȁ = 20% and corresponding horizontal deformations for different
dam heights.
45

40

40

35

35

30

30

Dam height

Dam height [m]

Optimum solution
45

25

25

20

20

15

15

10
-100

-50

0

50

Perturbation [%]

100

100% perturbation

10
0

5
10
15
20
25
Synthetic horizontal deformation [cm]

Figure 9. Perturbation for ȁݔȁ = 100% and corresponding horizontal deformations for different
dam heights.

In Figure 7 it can be noted that the perturbations are not affecting the total deformation
significantly, from what can be seen visually. At the larger perturbation intervals (20 and
100%), larger visual effects be seen.
6.3 Relating to errors from field
In relation to real errors from inclinometer measurements, a range of possible errors from
inclinometer measurements are looked upon in order to assess how realistic the errors from the
numerically generated data are.
A number of studies have been performed on data from inclinometers where the errors have
been considered. Some examples are Cornforth (1973), Mikkelsen & Wilson (1983), Green &
Mikkelsen (1988), Mikkelsen (1996), and Mikkelsen (2003). There exists many more studies,
where advanced statistics are used for assessing various aspects of errors. Since the errors were
divided in a simple manner, the study of Mikkelsen (2003) is chosen to set the inclinometer
perturbations in relation to real errors.
According to Mikkelsen (2003), the errors can be divided into systematic and random errors. A
systematic error is generated by one or a combination of the following factors: sensor bias shift,
sensitivity drift, rotation depth positioning, casing inclination and curvature. These errors can
be remedied. A random error is the limit of precision, meaning that the error will remain after
all systematic errors are minimised. Further, Mikkelsen (2003) summarises the random and
total (random and systematic) error for 30 metres deep inclinometers, the result is shown in
Figure 9 where a summary from a large number of inclinometer data that was analysed where
the maximum random error was evaluated to +/- 1.24 mm and the maximum total error to +/7.8 mm. The random error was found to be 0.16 mm for each reading, and to accumulate at the
rate equal to the square root of the number of reading intervals. The systematic error, which is
arithmetically accumulating, was determined to 0.11 for each reading. The total error at the top
of the inclinometer of 60 number of readings is calculated as
ܶ ݎݎݎ݈݁ܽݐൌ ܴܽ݊݀ ݎݎݎ݁݉ ܵݎݎݎ݁ܿ݅ݐܽ݉݁ݐݏݕ
(10)
ܶ ݎݎݎ݈݁ܽݐൌ ͲǤͳ ή ξͲ  ͲǤͳͳ ή Ͳ ൌ ͳǤʹͶ  ǤͲ ൌ Ǥͺ݉݉
If plotting the total and random errors, limit errors with both positive and negative sign, the
result in Figure 9 to the height 30 metres is obtained. Since the inclinometer in the current study
is deeper than the one for which the errors were evaluated, the errors are extrapolated. The
extrapolation is performed in a linear manner.
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Figure 9. Total and random inclinometer errors, where random errors represent the best
system precision. After Mikkelsen (2003).
In Figure 9, errors obtained by the perturbed deformation for the intervals 2, 13, 20 and 30%
values are plotted along with the total and random inclinometer errors. The errors by numerical
perturbation are calculated as the difference between the perturbed deformation values and the
unperturbed deformation values. The value of the perturbations are oscillating more at the top
of the inclinometer. The reason for this is that the deformation values are larger at the top of the
inclinometer than in the lower part. Thus, a numerical perturbation error from an interval at the
top of the inclinometer will cause more oscillation than in the bottom part.

For errors in the lowest perturbation interval, 2%, it can be noted that the magnitude of the
errors is relatively low. It looks like the perturbation interval of 2% will represent a measuring
accuracy that is very good, since the errors are located within the random error range which
represents the precision error of the equipment.
The perturbation interval 13% gives larger errors and they are more pronounced towards the
top of the inclinometer. If the values are interpreted against random and systematic errors, this
reading represents systematic errors also. With the same reasoning, the perturbation interval of
20% will contain even more systematic errors.
The perturbation interval of 30% gives just slightly larger errors than the total errors noted in
the study by Mikkelsen (2003). This perturbation interval could be regarded as the limit of what
gives the largest reasonable errors from a practical point of view in inclinometer readings, based
on the data in Figure 9.
Taking the information in Figure 9 into consideration, realistic inclinometer errors are captured
among the perturbation intervals in this study. Also, errors of a magnitude that would not be
expected to be found in real measurements are taken into consideration. Especially the
perturbation intervals 50 and 100% can be regarded to be much larger than what can be expected
in field.

7 Optimisation results
In the following part, the results from the optimisations are viewed, where the best individual
solutions as well as the best set of solutions are evaluated for each perturbation interval. The
location of the minimum solutions are studied and compared to the global optimum point. By
taking more solutions into consideration, fulfilling various limit values of the objective
function, the scatter of the solutions in the search space is examined.
7.1 Minimum solutions


The obtained values for the optimisation variables, ܧହǡ and ܧହǡோ , providing a minimum value
of the objective function ܨ for the intervals of perturbation are regarded as the minimum
solutions.
The
minimum
solution
for
each
perturbation
interval ȁݔȁ ൌ
ͳǡ ʹǡ Ͷǡ ǡ ͺǡ ͳͲǡ ͳ͵ǡ ͳͷǡ ͳǡ ʹͲǡ ʹͷǡ ͵Ͳǡ ͷͲǡ Ͳܽ݊݀ͳͲͲΨ is shown in Figure 10 as coloured
circles along with the global optimum (OPT), which represents the unperturbed case the
synthetic data is based on.




It should be noted, that the axes of ܧହǡ and ܧହǡோ in Figure 10 do not have the same scale. The
reason for this is that the optimisation variables have different upper and lower bounds in the
search domain, see Table 3.
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Figure 10. Minimum solutions for the perturbed deformation values.
In order to get a closer perspective of the minimum solutions, a zoomed view of the search
domain is shown in Figure 11.
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Figure 11. Minimum solutions for the perturbed deformation values, in a zoomed view of the
search domain.
The genetic algorithm is managing to find a minimum for all perturbation intervals, also when
the perturbation interval is very large. The global optimum (OPT) representing the unperturbed
case is not found exactly when searched for with perturbed deformation values. This should not
be regarded as misbehaviour of the algorithm, but rather as a consequence of the introduction
of the perturbed set of synthetic deformation values. The global optimum (OPT) is no longer
the exact solution when perturbations are introduced, the global optimum is the solution for the
unperturbed case and a new global minimum is likely to exist for each case of perturbation
intervals in the study. Similar effects on the identification process were shown by de Santos
(2015), when introducing noise in the experimental data, showing that the optimum solution
was not exactly found by the employed search strategies.
For perturbation intervals up to 13%, the minimum solution for each interval are gathering
around the global optimum (OPT). The lowest perturbation interval that is providing a solution
that is deviating more, at least visually in Figure 11, is 15%. However, minimum solutions for

perturbation intervals of 17% and 25% are found close to the global optimum. Meaning, that
the distance from the global optimum to a minimum solution point is not necessarily increasing
with a higher value of the perturbation interval.
In order to have a quantitative approach, the Euclidean distance from the global optimum (OPT)
to the minimum solution point is calculated for each perturbation interval. In addition, the value
of the objective function associated with the minimum solution point is plotted for each
perturbation interval. This is shown in Figure 12.
Objective function [mm]

35

7

30

6

25

5

20

4

15

3

10

2

5

1

Objective function [mm]

Euclidean distance from OPT [MPa]

Euclidian distance from OPT [MPa]

0

0
1

2

4

6

8

10

13

15

17

20

25

30

50

70 100

Perturbation interval [%]

Figure 12. Euclidean distance from the global optimum to the minimum solution point and the
associated objective function value for all of the perturbation intervals.
Considering the Euclidean distance from the global optimum as well as the value of the
objective function, the perturbation interval of 13% can be considered as interesting. The
fluctuations are smaller prior to the 13% perturbation interval, compared to what can be
observed afterwards (from 15-100%).
The objective function has values of almost the same magnitude up to 25% of perturbation,
after that the objective function values increase significantly. It might be interesting to notice
that the Euclidean distance do not have a similar trend.
7.2 Set of solutions
The genetic algorithm will produce many possible solutions, besides the minimum solution
presented in Figures 10 and 11 for each perturbation interval. Since a set of solutions is obtained
from the algorithm, acceptable solutions have to be identified and in the end one solution has
to be chosen. This might seem laborious, but it gives the great advantage that engineering
judgement can be included in the final choice of solution.
One method of indicating acceptable solutions is by filtering solutions under acceptable limit
values for the objective function, ܨ . Another method is to statistically treat the solutions with
principal component analysis (PCA), as in Levasseur et al. (2009) or Baroth & Malécot (2010).
PCA can define a frontier between good and bad solutions. The technique of PCA is not
involved in this study, as the method would be more useful when dealing with identification of
proper intervals of material parameter values in optimisation towards real experimental data.

In order to study the influence of perturbations on the set of solutions
x the distribution of solutions in the search domain
x the total number of solutions and the number of unique solutions
x the average Euclidean distance from the minimum solution point to all solutions
have been examined for the perturbation intervals and different limit values of the objective
function. From this study, Figures 13-16 are presented.
In Figure 13, for the perturbation intervals 2% and 50%, all obtained solutions in the search
domain are shown firstly at the top of the figure, followed stepwise, downward in the figure,
by the solutions in the search domain for the limit values 10 mm, 5 mm and 3 mm of the
objective function. Only a limited amount of solutions are graphically visible, since the points
represent multiple solutions. The total number of solutions as well as the number of unique
solutions are presented below each graph in the figure. It can be noted in Figure 13 that the total
number of solutions is higher for the more perturbed case compared to the less perturbed case.
The reason is that the genetic algorithm is searching for a longer time for the larger perturbation
interval and thereby more solutions are produced. When the limit value of the objective function
is successively decreased under 10 mm, the number of unique solutions are faster reduced for
the perturbation interval 50% compared to 2%. For ܨ ൏ ͵݉݉ in Figure 13, there is only
one unique solution left for the perturbation interval 50%, while there are 15 unique solutions
left for the perturbation interval 2%.
The best solutions with the lowest objective function values are in Figure 13 focused in a
“cloud” to a smaller area. The “cloud” of solutions is gathered in approximately the same place
for all of the perturbation intervals ȁݔȁ ൌ ͳǡ ʹǡ Ͷǡ ǡ ͺǡ ͳͲǡ ͳ͵ǡ ͳͷǡ ͳǡ ʹͲǡ ʹͷǡ ͵Ͳǡ ͷͲǡ Ͳ and
ͳͲͲΨ in the study. For the reference secant stiffness of the core, the solutions are found
covering almost the whole span, 20-100 MPa. For the reference secant stiffness of the rockfill,
the solutions are focused to an area around 8-9 MPa. This is indicating that the reference secant
stiffness of the shoulder material is the most sensitive optimisation parameter, i.e. it has the
largest influence on deformation values at the inclinometer position. The position of the “cloud”
of solutions is expected, since geometrically the objective function for the unperturbed case is
valley-shaped and the minimum solutions become distributed in the bottom of the valley, see
Vahdati et al. (2014). The best solutions in the present study are found in a “cloud” roughly in
the position of this valley, which imply that the introduced perturbation only have a smaller
influence on the geometrical shape of the objective function.
In Figure 14a), for the total number of solutions, the average Euclidean distance from the
minimum solution point to all solutions as well as the total number of solutions have been
plotted against the perturbation intervals. In Figure 14b), a corresponding plot has been created
for the unique solutions. The graphs in Figure 14, have been established for the limit value 10
mm of the objective function. In Figures 15 and 16, similar plots as in Figure 14 have been
created, but for the limit values of the objective function of 5 mm and 3 mm, respectively.
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Figure 13. Solutions under various values of the objective function for perturbations of 2%
(left) and 50% (right). The number of the total solutions are presented with the number of
unique solutions inside parenthesis marked with an asterisk.
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b)
Figure 14. Number of solutions and the average Euclidean distance for solutions with
objective function values under 10 mm.
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Figure 15. Number of solutions and the average Euclidean distance for solutions with
objective function values under 5 mm.
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Figure 16. Number of solutions and the average Euclidean distance for solutions with
objective function values under 3 mm.
The average Euclidean distance is a measure of how “spread out” the solutions are. Observe
that the average Euclidean distance is not defined when no solution exists and the average
Euclidean distance is zero when there is just one solution. If Figures 14-16 are viewed at the
same time, it can be noticed that the average Euclidean distance has a tendency to decrease
when the limit value of the objective function is decreasing. This means that the solutions
become gradually a little bit less “spread out” when a smaller and smaller limit value is allowed.
If each figure is viewed separately, the average Euclidean distance vary quite much with the
magnitude of the perturbation interval. However, no clear trend for this variation can be
observed. The variations fluctuate mostly in a similar way if the figures are compared to each

other, the reason for this is that the solutions are sorted out with the limit value of the objective
function for each perturbation interval from the same running with the genetic algorithm. The
magnitude of the perturbation interval might influence how spread out the solutions are, but it
is difficult to foresee from Figure 14-16 if the solutions will be more or less spread out when
the value of the perturbation interval change. The reason for this can be found in the random
features in how the genetic algorithm works. The random features in the genetic algorithm seem
to have a larger impact on the average Euclidean distance than the magnitude of the perturbation
interval.
From Figures 14-16 it is evident that both the total number of solutions and the number of
unique solutions decrease when the limit value of the objective function decreases. As for the
average Euclidean distance there is no clear trend in Figure 14-16 how the total number of
solutions and the number of unique solutions vary with the value of the perturbation interval.
The random features of the genetic algorithm seem to influence the number of solutions more
than the magnitude of the perturbation interval. However, as already indicated in Figure 13, for
small limit values of the objective function, there is a risk that none of very few unique solutions
are found when the value of the perturbation interval starts to be high. In Figure 14 for ܨ ൏
ͳͲ݉݉ unique solutions exist for all perturbation intervals in the study, but in Figure 15 for
ܨ ൏ ͷ݉݉ no unique solutions exist for the perturbation intervals 30% and 70% and in
Figure 16 for ܨ ൏ ͵݉݉ no unique solutions exist for the perturbation intervals 30, 70 and
100% and only one unique solution exists for ȁݔȁ ൌ ͷͲΨ.
Since better solutions are associated with small values of the objective function, it is more likely
to find unique solutions and that the found solutions are good if the measurements are less
perturbed. In this case study, for instance, the value of the perturbation interval should be held
below 30% if an acceptable value of the objective function is set to 3 mm.

8 Concluding remarks
This study gives an indication of how random measurement noise is affecting the performance
of the genetic algorithm in soil parameter identification, with the application to an embankment
dam. Optimisation against inclinometer measurements was performed in this study, by the
conclusions are presumably valid also for other types of measurements in a dam. It was found
that the genetic algorithm is able to search for a minimum solution for the optimisation
parameters without breaking down even though the field data is substantially perturbed. This
must be regarded as a good property of the search strategy, that it continues to search and not
crash because of numerical problems. However, if a solution is delivered in the end, it is of
importance to assess the quality of the solution. By considering inclinometer measurement,
accuracy, it was concluded that the genetic algorithm can find good solutions for what can be
regarded as normal errors. The genetic algorithm performs well also for a little bit larger errors
than normal, but when the errors gradually become even larger, the genetic algorithm gets more
and more problems to find solutions. If solutions are found, they might deviate quite much from
the unperturbed solution.
Even if it is not completely possible to draw general conclusions about the behaviour of the
genetic search algorithm, from one case to another, the present study indicates that the genetic
algorithm can handle measurement errors of a normal magnitude in dams.
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