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The performance assessment of embankment dams in respect to main deterioration mechanisms
is a major challenge for managers in charge of their security. Curt et al (2010) developed
knowledge-based models for assessing the performance of embankment dams. They have three
hierarchical levels: performance of the analysed component (embankment, foundations),
performance of the functions and status indicators. However, while these dams are frequently
located upstream elements at risk, small dams are rarely equipped with drains and monitoring
instruments and woody vegetation is often present. These features were partially or not dealt
with in the previous models. To cope with them, we propose to firstly, identify the specific
status indicators linked with woody vegetation and secondly, adapt and complete the existing
models. A modular approach is notably proposed in order to evaluate different types of dam.
The approach was applied to a group of seven French and Italian dams and showed its
relevance.

Keywords: hydraulic works, dams, woody vegetation, performance, knowledge-based system.

1. Introduction

There are hundreds of thousands of dams around the world, some of which are
several centuries old. The role of these civil engineering works is essential. They can
fulfil several functions: irrigation of crops, storage for the distribution of drinking water,
leisure, hydropower development schemes and so forth

However a dam breach can have dramatic economic and human consequences,
obliging the managers of these structures to take into account and remedy all the
possible breach scenarios to ensure that the security of their dams is optimal. Of the
mechanisms causing the deterioration of earthfill hydraulic structures such as
embankment dams, internal erosion is one of the main causes of breaching (Foster, Fell,
& Spannagle, 2000). It is caused by non-controlled leaks that carry away particles
following their detachment. Four mechanisms can be distinguished: concentrated leak,
backward erosion piping, contact erosion and suffusion (Deroo & Fry, 2014). These
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mechanisms can have different origins: structural ageing, poor design/construction,
defective maintenance, etc. Thus four main factors can influence the occurrence of a
degradation mechanism by internal erosion: the geometry of the structure, its
geotechnical characteristics, hydraulics and the “biological” environment (type of
vegetation, level of decomposition of root systems, presence of burrowing animals,
etc.), all characteristics that can evolve through time due to natural ageing and climatic
conditions. These factors of fragility can act on deterioration by internal erosion already
installed within the structure and have an impact on its level of security.

Assessing the performance of an embankment dam consists in seeking and
assessing all the factors of vulnerability contributing to the occurrence of damage. It
allows appreciating, at a given moment, the fitness of a hydraulic structure to fulfil the
functions for which it was designed and thus its level of safety. Finally, this assessment
permits managers and owners to take the best decisions for carrying out the
maintenance works required to ensure the safety of their structures. In this context, the
managers responsible for the safety of dams demand methods and tools that they can
use to perform rapid and detailed diagnostics of their structures so they can assess their
status and performance.

Different methods exist for assessing the performance of complex systems
(Racoceanu, 2006; Zwingelstein, 1995) and dams in particular (Peyras, Royet, Boissier,
& Vergne, 2004): physical modelling, functional modelling, statistical analyses,
approaches based on artificial intelligence (Bayesian networks, knowledge-based
models, etc.) and multicriteria methods. These different approaches are complementary
and can be carried out simultaneously (Peyras et al., 2004). Artificial intelligence based
approaches have been applied to diagnose dam safety and assess their performance:
neuronal networks (Su, Wu, & Wen, 2007; Wu & Su, 2005), Bayesian networks (Liu,
Wu, Yang, Hu, & Xu, 2012; Xu, Zhang, & Jia, 2011; Zhang, Xu, Jia, & Zhao, 2011) and
knowledge-based systems (Andersen, Chouinard, Hover, & Cox, 2001; Andersen &
Torrey, 1995; Chou, Chen, Wang, Chen, & Chen, 2001; Curt, Peyras, & Boissier, 2010;
Curt, 2013). We have chosen to use knowledge based systems: these are especially
interesting for assessing the performance of complex systems such as dams as they can
reproduce the reasoning of an expert and take into account data of various origins and
types (visual observations, design-visualisation data, monitoring data, resulting from
models). The works cited above focused on the case of dams (i) equipped with
monitoring instruments providing the information required to assess their performance
with respect to deterioration mechanisms such as internal erosion; (ii) equipped with a
drainage system, one of the components ensuring the safety of these structures.
However, certain dams such as embankment dams have specific characteristics on
which we intend to focus on here:

e They can be subject to the presence of trees on or at their edges.
However, this type of vegetation raises a large number of problems as it
can lead to the occurrence of short, medium and long-term degradation
mechanisms (FEMA, 2005; Laasonen, 2013; Martinez Santamaria &
Fernandez Serrano, 2010; M¢ériaux, Vennetier, Aigouy, Hoonakker, &
Zylberblat, 2006), notably internal erosion due to the decomposition of
root systems. Our aim is therefore to propose models that take into
account this unwanted item in order to make them more realistic.

e Contrary to large dams, they are hardly or not at all equipped with
monitoring instruments. The information used to assess the performance
of these structures is therefore not readily available. We seek to develop
models that can be used with different information according to its
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availability, for example if data resulting from monitoring measures are
not available, then it must be possible to replace this information with
visual measurements and design and construction data.

e They can be of different types. Indeed, we focus on different types of
embankment dam which, according to case, can have various sealing
systems, be equipped or not with drainage systems and be monitored or
not. We consider the components “embankment” and “foundations”. The
objective is to develop a minimum number of models for different types
of dam by using a modular approach, that is to say by combining pre-
formulated modules.

Although the sizes of these structures are rather small, they are often located
directly upstream of sensitive areas (dwellings, cultivated areas, commercial and
industrial activities), meaning that their breach would have major consequences. It is
therefore important to develop models to assess the performances of this type of
structure. At present, only models for assessing the performance of embankment dams
with respect to deterioration by internal erosion have been developed so far and it is
these models that are presented in this article.

The latter two points imply that the assessment of performance with respect to
the mechanism of deterioration by internal erosion can be performed according to a
mode that we term “abnormal”, meaning that not all the information is available and
that the dams are not all equipped with drainage systems. On the contrary, “nominal”
mode indicates that the dams are equipped with monitoring instruments and drained.
Trees are taken into account in the two modes.

The work was supported by the Alcotra RISBA (RISque des BArrages) project.
The structures studied are therefore located in particular in the French-Italian border
area. We applied the models to seven French and Italian dams.

Initially, we present the approach adopted to build embankment dam
performance assessment models with respect to deterioration by internal erosion.
Secondly, we present our results stemming from the identification, formalisation and
aggregation of status indicators specific to woody vegetation. The adaptations made to
the embankment dam performance assessment models and the modular approach
implemented are then defined. Finally, this article presents the applications performed
during the study on seven dams on the French-Italian border area.

2. Approach to building performance assessment models

The data used to assess a dam stem from different factors relating to their
security (geometric, geotechnic, hydraulic and biological) and are of different types
(monitoring data, visual data, etc.). The internal erosion mechanism is complex as it
involves several components and governed by different dynamics. The models proposed
must incorporate these constraints. The modelling approach chosen is a knowledge-
based system (Akerkar & Sajja, 2009; Booker & McNamara, 2004) as it responds well
to the constraints of the problem: visual observations can be used, and these can be
combined with different types of information such as construction and monitoring data,
visual observations, etc. This type of approach also has the advantage of producing
models that can be easily understood by engineers and technicians.

2.1. Approach

We use as our basis the models of Curt et al (2010) and Curt (2013) which are
adapted to assessing the performance of embankment dams equipped with drainage
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systems and monitoring instruments for both the “embankment” part and the foundation
of the structure.

Our approach consists in first analysing these models to show their limits in
comparison with our application, then propose modifications and adaptations to take
these limits into account. Figure 1 shows the hierarchical model for assessing the
performance of an embankment dam with respect to deterioration by internal erosion
(Curt, Peyras, & Boissier, 2010), and the limits of this model.

I HMR Internal Erosion I

MIN [Sinkhole, Differential settlements, Local and muddy seepage]
Or IF — THEN Rules (¥ Insufficiency of drainage capacity, pF Erosion Defence)

1
| |

® |nsufficiency
of drainage capacity

WF Erosion defence

MIN [Seepage of clean water, Piezometry]

Sinkhole
Or IF — THEN Rules (uF Sealing, pF Drainage)

Differential settlements

Local and muddy seepage

uF Drainage

Presence of trees —

Flow/Flow change (increase) Visual state of drain outlet —

Visual state of drain collector —

Missing draining
possible

Flow change (decrease) 17

Vegetation presence i —

Seepage of clean water —

Missing monitoring
possible

Piezometry

Figure 1. Hierarchical model for assessing an embankment dam built using homogenous fill equipped with a
drain and monitoring instruments [p = performance; ® = phenomenon] (Curt, Peyras, & Boissier, 2010)

2.1.1. Structure of the model

These assessment models have a three level hierarchical structure: i) status
indicators, these are the input data of the model; ii) the performance of functions (for
example, the “sealing” function) calculated by combining the values of the status
indicators; and iii) the performance of the component (for example, the embankment)
regarding the internal erosion mechanism calculated by combining the performance of
the functions. The two types of combination are achieved using whether by IF-THEN
rules summarised as expert truth tables, or by the mathematical operator Minimum
(MIN).

The status indicators are formalised data. Different data are used by the
engineer to perform an assessment: monitoring data if the dam is equipped with
instruments, visual observations, design and construction data and calculation data (for
example, admissible gradient). It is important to formalise them, on the one hand in
order to obtain robust measurements, that is to say repeatable and reproducible, and, on
the other hand, to use them in combination. Therefore a formalisation grid is used. It is
based on five fields: the name of the status indicator, its definition, the scale of
measurement and the associated references providing the anchoring points on the scale
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and which allow describing the different possible statuses of the indicator, the spatial
characteristics specifying the part of the dam to be analysed and the temporal
characteristics indicating the time step for measuring the indicator and the analysis of
the trend presented by this measure (Curt, Peyras, & Boissier, 2010).

We propose using a double assessment scale for all the indicators: an ordinal scale
characterised by the ordering of categories as a function of an intensity criterion linked
to a scale of intervals that permits working on continuous numerical magnitudes (Figure
2).

Figure 2. Scale of the double assessment chosen for assessing the performance of dams.

unacceptable Poor acceptable Good at very good

0 1 2 3 4 5 6 7 8 9 10

To build our model we conserve this general structure according to three levels:
status indicator, performance of functions and the performance of the component
regarding the deterioration mechanism.

2.1.2. The limits of existing models

The limits of these existing models with respect to the dams dealt with here stem
from the fact that they were developed for embankment dams equipped with drainage
systems and monitoring devices. This observation leads us to propose three adaptations.

As shown in Figure 1, the performance of the embankment of a dam regarding
the mechanism of deterioration by internal erosion is assessed using three function
performances: the sealing function, the drainage function and the self-filtration function.
The performance of the drainage function cannot be assessed if the structure is not
equipped with a drainage system. The structure of the model must be modified to offset
this shortcoming.

Each of the performances is assessed on the basis of status indicators stemming
in part from monitoring data: “increased flow rate”, “piezometry”, etc. However, this
type of information is not always available for the structures we wish to study, thus the
aim is to propose other information possibly available to experts, notably design and
construction data.

Lastly, the small embankment dams studied here are often, or have been, subject
to a lack of maintenance that has led to abundant woody vegetation on or at the edges of
the embankments. The existing models consider woody vegetation only for assessing
the performance of the drainage function and the self-filtration function using a single
status indicator termed “presence of woody vegetation”. Indeed, they consider only the
assessment of the performance of embankment dams regarding the mechanism of
deterioration by internal erosion by suffusion. However, we want to assess the
performance of embankment dams regarding other internal erosion mechanisms,
including in particular the internal concentrated leak erosion mechanism which may
occur due to the presence of decomposing woody roots. It is therefore important to
characterise this vegetation in greater detail by developing specific status indicators that
permit assessing the potential for internal erosion of an earthfill hydraulic structure due
to the state of the woody vegetation present on the dam (tree density, level of
decomposition of root systems of dead trees, etc.). Furthermore, the presence of
vegetation leads to another improvement to the models: the components assessed are, as
for the existing models, the embankment and the foundation of the dam, but the
embankment-foundation interface must be considered specifically in the case of a dam
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that has no drainage system, as this zone can be a preferential location for the
installation of woody roots.

The following steps of the approach are aimed at proposing methods to respond
to these three main constraints (possible absence of a drainage system, possible absence
of monitoring data, presence of woody vegetation).

2.2. Proposal of specific indicators for woody vegetation

We used the safety assessment techniques (Functional Analysis — FA — and
Failure Mode and Effects Analysis — FMEA) to identify the indicators specific to woody
vegetation by focusing on the external element “woody vegetation”. The FA is carried
out in two steps. An external FA makes it possible, initially, to identify the function(s)
that the structure must have regarding external constraints, in this case woody
vegetation. An internal FA is then performed. It leads to the identification of different
functions resulting from the relations between each component of the structure and the
external environment. It therefore permits formulating the functions of each component:
the contact and flow function (Zwingelstein, 1996). Following the FA, an FMEA is used
to identify the failure modes, their effects and possible causes for each component, and
the indicators of the causes and effects of the failures of the different components. This
inductive method systematically considers each component of the structure, one after
the other. In our case, the failure mode considered is internal erosion linked to the
presence of vegetation.

On the basis of these elements, knowledge collection and formalisation sessions
are organised with a group of three engineers acknowledged to be expert in hydraulic
structures founded on the knowledge and knowhow characterising the expertise
(Zwingelstein, 1995). One of these expert engineers was also competent in forestry and
had been particularly involved for many years in research works on the impact of
woody vegetation on hydraulic structures and their associated management resources.
The sessions took place on the basis of structured interviews: they were prepared
beforehand by the panel coordinator, and documents were presented during the session.
The coordinator compiles the knowledge, and formalises and analyses it to identify
possible gaps and inconsistencies. These problems are dealt with at the beginning of the
following session, after which the collection continues. The formalisation of expert
knowledge is validated during this step. The experts use the formalisations on examples
of real cases and express their agreement/disagreement regarding the formalisations.
The indicators are modified if necessary. The starting point comprises the indicators
listed in the FMEA tables. The objective of the sessions is to describe these indicators in
order to ensure their robustness for application.

However, it is difficult to assess certain status indicators when there are no
known instrumental methods and if visual observation is impossible, since the element
to be assessed is inaccessible, as is the case of the status indicator “Degree of
decomposition of the woody stump or roots of an individual”. Thus an indirect chemical
measure by NIRS (Near Infrared Spectrometry) has been developed (Bambara, Curt,
Vennetier, Mériaux, Zanetti & Vanloot, 2013) and a formalisation for this indicator
based on the results of the chemical measurement proposed. To do this, experimental
systems composed of samples taken from the roots of freshly cut trees of different
diameters and species were installed on “test” embankment dams located in different
French geographic areas. Part of the samples was collected about every two years to
monitor the evolution of their decomposition by chemical analysis (NIRS) through time.

1 We use the term “individual” for living trees and dead stumps without distinction.
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We used the results of this chemical analysis to establish the references on the scale of
assessment used for the indicator.

2.3. Development of models to assess performance in abnormal mode

In addition to introducing status indicators specific to woody vegetation in
existing models, the models proposed must take into account all the types of dam
studied. Potentially, twenty four cases (four sealing systems with and without sealing
monitoring devices, with and without drainage systems, and with and without drainage
monitoring systems) could be considered for the embankment dam (table 1), leading to
the development of 24 models. For example, a dam with a homogenous embankment
subject to the presence of woody vegetation, not equipped with a drainage system and
not monitored. In parallel, 6 models for the foundation and 10 models for the interface
had to be developed, leading to a total of 40 models.
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Table 1. Table of the different cases of embankment dams that can be assessed using the modular approach

developed.
Drai C
Seal type Seal monitoring Drainage ra.lna.ge A%€s
monitoring number
Yes 1
Yes
Yes No 2
Homogeneous No 3
dam Yes 4
Yes
No No 5
No 6
Yes Yes 7
Yes No 8
Dam with No 9
upstream
concrete facing Yes Yes 10
No No 11
No 12
Yes 13
Yes
Yes No 14
' Dan‘l w1th1 No 15
impervious cla
P faci y Yes 16
acing Yes
No No 17
No 18
Yes 19
Yes
Yes No 20
Dam with No 21
impervious core Yes 22
Yes
No No 23
No 24

The types of sealing studied were: dams with a homogenous embankment, with
an upstream concrete facing, an impervious clay facing and zoned structures (with an
impervious core).

The models of Curt et al (2010) were built according to functional logic: the
assessment of performance regarding the mechanism of deterioration by internal erosion
was achieved by combining the performance of the functions. This construction permits
considering a modular approach: modules were developed to constitute a library and
modules pertinent for a given dam were combined when analysing the structure. The
advantage of this approach is that it considerably reduces the number of models to be
developed while covering every configuration of the structures.
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The functions involved were sealing, drainage and self-filtration (Figure 1). The
first step was to adapt a specific module for each modality by taking into account the
absence or presence of monitoring systems for these different functions. For example, to
assess the sealing function, if no monitoring data is available to estimate the status
indicator “Flow/Flow change (increase)” (ct. Figure 1), we use data from the design-
construction file such as “Permeability of material”, “Compaction”, etc. These data had
been formalised and used previously as status indicators to define the “conformity of
components to professional practice”. However, if the information (“Permeability of
material”, “Compaction”) is incomplete or unavailable, the engineer assesses this
indicator according to expert appraisal.

Secondly, an assembly of modules during the assessment of a given dam is
performed using a decision tree: if the drainage function is present, the aggregation rules
are kept (cf. Figure 1). If the drainage function is absent, new IF-THEN type
aggregation rules are defined with the expert group to combine the sealing function with
the resistance to internal erosion function to obtain the performance of the component
regarding the internal erosion deterioration mechanism.

These modules and aggregations are formalised during the expert sessions.

2.4. Validations

A total of seven applications were performed, making it possible to verify the
formalisations and aggregations of status indicators as well as the aggregations of
function performances to obtain the performance of a component (embankment,
embankment-foundation interface, foundation) regarding the internal erosion
deterioration mechanism.

Engineers with different levels of experience made visits in the field to score all
the indicators required to assess the performance of each structure regarding internal
erosion. A file summarising each status indicator and its formalisation grid was provided
to them. The scoring was first done by the engineers independently, then consensual
scores were determined during discussions between them. The model was used to
calculate the performance of the functions, then the performance regarding the internal
erosion of each component. In parallel, the experts gave a global score without using the
model. This was done to verify that the model developed clearly reflected the opinion of
the experts.

The results were then produced with the experts in order to make the final
adjustments to the performance assessment models.



Author-produced version of the article published in European Journal of Environmental and Civil Engineering, 2016,
The original publication is available at www.tandfonline.com
Doi : 10.1080/19648189.2016.1194322

2.5. Synthesis

Improvements and adaptations were proposed following the analysis of the existing
models developed by Curt et al (2010) and Curt (2013) to assess the performance of the
smaller dams on which we focus here, notably embankment dams that are frequently

Data: visual observation,
monitoring instruments,
indirect measures

Identification of status
indicators

Inpu.t‘:of the
model

Need to know:
development of indirect
measures

Status indicator « Degree of

T decomposition of the stump
Status indicators or woody roots»

Support expert
panel

w T
Development of an measure for 3
Performance of the P @B
e i assessment the state of woody SN
functions i 28
root decomposition &=
s S
)
g2

The operating reliability
analysis —
Establishment of potential
failure scenarios

Qutput of the
model
validations on real
G cases

Figure 3. General methodology proposed for building embankment dam performance assessment models.
subject to woody vegetation. Figure 3 synthesises the methodology and steps that we
adopted.

3. Identification, formalisation and aggregation of status indicators specific to
woody vegetation

Five specific status indicators were identified as necessary to assess the
performance of embankment dams regarding the mechanism of deterioration by internal
erosion due to the presence of woody vegetation. These status indicators were identifies
using an FMEA. The table 2 is an extract from the FMEA table made for the
identification of specific indicators for woody vegetation.
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Table 2. Extract of the FMEA table for embankment component.

Failure Possible Possible Detectin
Component Function causes of effects of Indicators g
mode . . means
failure failure
The
function Increased Degree Of
« limit permeability decomposition
. Presence of 7 of the stump Indirect
Limit the the heterogeneity
Embankmen . . stumps and or woody measures,
hydraulic  hydraulic . of the .
t . wood roots in . roots of an predictive
flow flow » is o permeability .
decomposition . individual models
degraded in the
. (trees and
or is embankment stumps)
failed P

Four were involved in the assessment of the sealing function (“Density of
individuals”, “Root volume per individual”, “Type of root structure of individuals” and
“Degree of decomposition of the stump or woody roots of an individual”) and one in the
assessment of the drainage function (“Visual condition of the environment of the
drainage blanket outlet”). Three of these indicators were assessed visually: “Density of
individuals”, “Root volume per individual” and ““Visual condition of the environment of
the outlet of the drainage blanket”. The indicator “Type of root structure of individuals”
was assessed by using an identification key based on the different parameters
influencing the structure of the root system (type of soil, access to water, etc.) adapted
from (Zanetti, Vennetier, Mériaux, & Provansal, 2015). The last indicator “Degree of
decomposition of the stump or woody roots of an individual” resulted from an
interpretation of an indirect chemical measure (Bambara, Curt, Vennetier, Mériaux,
Zanetti & Vanloot, 2013). The density of individuals present on a structure analysed
provides indirect information on the volume occupied by roots in the embankment dam
and its edges. The status indicator “Density of individuals” is therefore the first
indicator to be taken into account by the engineer. If no individual is present on the
structure (score 10), it is not necessary to go to the other status indicators specific to
woody vegetation; the models are therefore pertinent even in the absence of vegetation.
In table 3, we present the formalisation grid for assessing the indicator “Density of
individuals” with the scoring scale of figure 2.

11
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Table 3. Formalisation grid for the status indicator “Density of individuals”.

Name Density of individuals

Definition More the density of tree sis high, more heterogeneities of
permeability in embankment may appear, especially upon root
systems decomposition. We primarily look at the big trees for

this indicator.
Scale and references 10: without individuals

5-4: presence one individual for 10 m? of embankment
3-2: presence to 2 at 5 individuals for 10 m? of embankment

1-0: presence upper at 5 individuals for 10 m? of embankment
Spatial Choice / profile (s) analyzed dam: 1 profile representative of the

characteristics entire structure with respect to the density of individuals and, if

necessary, one second profile having a worst woody vegetation

density.
Temporal Measurement is carried out during a visual examination focused
characteristics on the characterization of woody vegetation on dam.

Knowing that root systems grow as a tree ages, an individual with a stump
having a large diameter leads to assuming a large root volume per individual. Thus the
indicator “Root volume per individual” transposes the measure of the tree root diameter.
It 1s important to know this parameter to predict the impact in terms of the global
increase of dam permeability during root system decomposition.

The status indicator “Type of root structure of individuals” provides a global
root characterisation next to the profile analysed. Indeed, the different types of root
structure of individuals can act on the internal erosion mechanism to varying degrees
during woody root decomposition. Thus individuals with a long horizontal type root
structure with the potential for crossing the embankment dam from downstream to
upstream would be particularly serious. The decomposition of this type of root would
likely form a pipe through the embankment (depending on the type of material), hence
the importance of having an assessment of the status indicator “Degree of
decomposition of the stump or woody roots of an individual”.

The status indicator “Visual condition of the environment of the drainage
blanket outlet” is appreciated by the “Density of individuals” present at the outlet of the
drainage blanket. Thus it has the same references as the status indicator “Density of
individuals”.

The status indicators specific to woody vegetation are aggregated according to
functional logic. Their successive combinations permit obtaining the propensity to flows
within the embankment dam due to the presence of vegetation (Figure 4). This “block”
will be used for assessing the performance of the sealing function.

12
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Combination 1 — Type of root structure
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Combination 2 — Root Degree of decomposition of
characterization the stump or woody roots
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[ ] statusindicators Combination 3 —
Combination Propensity to flows
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Figure 4. Structure of aggregation for assessing the propensity to flows linked to the
presence of woody vegetation on the dam assessed.

performance in abnormal mode

The originality of our work resides in the capacity of the performance
assessment models to adapt to the different cases that can be found, as different
combinations of sealing / drainage / monitoring instruments are possible even if they do
not conform to the rules of professional practice. Therefore we propose a model in the
form of modules that can be assembled to adapt to the dam studied. Each of these
modules corresponds to a specific case, a combination of a technical system (sealing
and drainage systems) and monitoring instruments (presence / absence of piezometers
and drainage flow rate records) and the possible presence of woody vegetation.
Therefore we conserved the initial modules of Curt et al (2010) and developed new
ones, leading to a total of 27 modules including 11 modules to assess the performance
of the embankment dam, making it possible to cover 24 potential cases, 5 modules for
the foundation and 11 modules for the embankment-foundation interface. For example,
for the embankment we have 4 embankment sealing modules without monitoring (one
by type of sealing, i.e. clay facing, etc.); 4 embankment sealing modules with
monitoring, 2 drainage modules (if drained), one for the case where the drains are not
monitored, the other for when monitoring instruments are present. Lastly, there is one
module for the resistance of the embankment dam to internal erosion (Figure 5). The
sealing and drainage modules take vegetation into account. The unit “Presence of
woody vegetation on the embankment” (cf. Figure 4) is common to all the modules 1-8.
The engineer uses the module that corresponds to the dam to be assessed as a function
of a decision tree. The number of status indicators varies depending on the type of
sealing to be assessed. These 27 modules must be matched with the 40 models required
to cover every dam configuration.

Figure 5 presents the decision tree for assessing the “embankment” component.
This process is manual at present through we intend to automate it.

The process of modelling through combination is presented in Figure 6 for a
homogeneous dam without drains or instruments (module 1 combined with module 11).
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Figure 5. Representation of the different modules required to assess the performance of fill regarding the
internal erosion mechanism according to the type of dam analysed.
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In relation to the initial model in Figure 1, the assessment of the performance of the
sealing function is performed according to the following logic: it is obtained directly
using the direct status indicator “Leaks or traces of leaks of clear water” if activated
(score lower than or equal to 5). Otherwise, it involves status indicators linked to the
embankment’s intrinsic permeability and those specific to woody vegetation. The
information “Propensity to flows linked to vegetation” is aggregated with the indicator
“permeability of embankment” related to intrinsic permeability.

The assessment of the performance of the foundation “sealing” function obeys
the same logic.

The performance of the sealing function of the embankment-foundation
interface is obtained by using the mathematical operator MIN between the performance
of the embankment sealing function and the performance of the foundation sealing
function. We thus choose the worst score by combining the performances of these two
“sealing” functions.

The performance of the sealing function is assessed in order to characterise the
potentiality of water being present in the component linked to the characteristics of the
materials of the component and/or the presence of vegetation.

Logically, the drainage function disappears in comparison to the initial model.

The performance of the “resistance to internal erosion” function of the
component considered (embankment, foundation or embankment-foundation interface)
is assessed using the status indicator “Sensitivity to internal erosion”. Finally, we
combine the values of the performances of “sealing” and “resistance to internal erosion”
functions by IF-THEN rules summarised in the form of a truth table defined by the
experts (Figure 7). The greater the potential for the presence of water in the component
and the sensitivity to erosion increases, the more the score of performance regarding
internal erosion will increase and vice-versa.
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of deterioration by internal erosion (case of a dam not equipped with drains or monitoring instruments).
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Figure 7. Truth table for combination the values of the performances of “sealing” and “resistance to internal
erosion” functions.

When using the models in the field, the assessment is performed on the profile
chosen by the assessor as representative of woody vegetation and, if necessary, of other
a priori worse profiles regarding vegetation density or presenting a singular aspect
(more unfavourable geometry, crossing structure). These results permit orienting the
manager towards a more detailed diagnostic that can be zoned around the most
unfavourable profiles. So, the goal of our approach is to conduct a first order analysis,
showing the occurrence of a degradation or failure. The models do not aim at
characterizing the erosion stage.
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5. Applications

The performance of 3 Italian and 4 French dams was assessed by using the models
developed (Figure 8). Our approach to assessing performance on the basis of
combinations of modules as a function of the type of dam to be assessed could be
implemented since these applications represented a total of five different types of
structure.

3 _ Homogeneous embankment dams (Dams
— of Grengia and O... In ltaly ; Dam of P..P_. in
France)

4_ Embankment dam without drains |
and not monitoring

1 _ Dam with upstream concrete facing
(Dam of A... in Italy)

7 __ Embankment dam —|

- 1 _ Dam with impervious clay facing
[Drainage of the embankment and foundation]
(Dam of G... in France)

3 _ Embankment dam with drains but ||

not monitoring

1 _ Dam with impervious core [Drainage of the
embankment and foundation]
{Dam of V... in France)

| 1 _ Dam with impervious core [Drainage of the
embankment only] (Dam of B... in France)

Figure 8. The different types of embankment dams assessed during this study.

We describe the results obtained on the Italian dam of Grengia which, in terms
of modules, corresponds to the example of Figure 6. The aim of these exercises was to
share the models developed in the trans-border zone. We then present a synthesis of the
results obtained for all the 6 other assessments performed.

5.1. Method

All the status indicators required to assess performance in terms of the internal erosion
mechanism were scored by 3 or 4 engineers expert in dams (1 or 2 French engineers and
2 Italian engineers) on site. Usually, only one person is needed to carry out the
assessment.

The experts had descriptions of the indicators.

Scoring was done individually at first and then collectively. Only the consensual results
are presented here though there is little difference between the scores; the individual
scores show good agreement between the experts. The performances of functions and
that of the component analysed were calculated by using the model based on the
indicators assessed by the experts. In parallel, the engineers were asked to determine a
global score without using the model, as this allowed checking its convergence with the
opinions of the experts.
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5.2. Assessment of the dam of Grengia (Italy)
5.2.1. Description of the dam

The Grengia dam, built in 1971, is located at an altitude of about 480 metres.
This embankment dam is homogenous and constructed with fill-backfill. It has no
drainage system. It is about 10 m high and has a maximum capacity close to 30 000 m’.
Since no readings had been taken of the monitoring instruments (piezometers and
topographical markers), we considered this dam as being non-equipped. 2 core samples
and 2 SPT penetrometric tests performed in 2012 provided information on the
stratigraphic constitution of the embankment and its main geotechnical characteristics.
Woody vegetation composed of different mature species and stumps cut in 2004 was
present on the downstream crest of the structure.

The foundation was fairly sandy due to modification of the bedrock (Gneiss).

5.2.2. Choice of profile and assessment of status indicators

After having obtained all the information required from the construction file and
the information provided by the owner, a profile 5 meters long, representative of the
entire structure and useful for the diagnostic of woody vegetation, was chosen by the
group of experts. The width of the crest was 10 m, the downstream slope presented a
break in the slope: 80% at the top, then 70% at the bottom. There were 3 living
individuals, 2 dead ones and 1 sprout of the stump of a tree that had been felled in 2004.
The diameter of the individuals was larger than 30 cm. No leak was observed on the
embankment but leaks of clear water were detected at the foundation and at the
embankment-foundation interface. To illustrate the status indicators specific to woody
vegetation, Figure 9 (a) presents the consensual scores obtained for the status indicators
for assessing the performance of the embankment sealing function of the structure
(Figure 6). The score of the intrinsic permeability of the embankment proved to be
mediocre (score of 5) due to the materials composing it and their compaction. The
characteristics of the trees and stumps on the profile led to mediocre and poor scores for
the vegetation indicators. Indeed, there was a fairly high density of individuals, with
large collar diameters, the key for determining the root types. This showed a mixed root
structure including horizontal roots liable to cause leaks. The assessment of the status
indicator “Degree of decomposition of the woody stump or roots of an individual”
required extrapolation by the experts as we currently possess information on the
evolution of the decomposition of roots up to four years of ageing. However, given the
good general condition of the stumps of conifers and the considerable sprouting from
the stumps of deciduous trees, indicating that they were not dead, the extrapolation
determined by the expert on dams and vegetation remained close to the score given in
the references established for the status indicator “Degree of decomposition of the
woody stump or roots of an individual”. Thus, for the woody roots of conifers of
mountainous environments cut since four years ago, the references established for this
indicator gave a permissible score (6-7), although the extrapolation performed by the
expert on dams and vegetation for this specific case led to a mediocre score (5). The
current formalisation grid will be completed in the coming years to take into account
longer periods of decomposition.
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5.2.3. Assessment of the performance of functions and performance regarding
the internal erosion mechanism

The performance of the embankment sealing function was calculated by the
model by considering, on the one hand, the indicators for vegetation corresponding to
the structure in its present state (score obtained: 2), on the other hand, without
considering the presence of vegetation by imagining the dam without trees (score
obtained: 6). We can conclude that the presence of vegetation significantly degraded the
performance of this function, which was considered realistic by the experts. Figure 9 (b)
shows the assessments of the performance of different components obtained by the
model.
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Figure 9. Consensual assessment of status indicators of the performance of the sealing function (a) and the
assessment of for the performance of the Grengia dam (b).

It is noteworthy that the performance scores obtained by the model match the
opinion of the experts regarding the security of this structure for the internal erosion
mechanism.

Finally, the model signalled a poor to mediocre performance. The score of the
dam embankment component was worse than that of the interface and the foundation:
poor sealing due to the dam’s intrinsic characteristics and the presence of large trees,
some of which had been cut, making it possible to predict the presence of decomposed
roots and thus preferential paths for water; mediocre performance of the resistance to
internal erosion resulting from a mediocre assessment of the indicator “Sensitivity of
embankment to internal erosion” (resulting from the steep slope of the downstream
face). In the case where the woody vegetation may not have been taken into account, the
performance of the embankment component would have been mediocre in the same way
as for the foundation and the embankment-foundation interface. For the foundation, the
mediocre performance resulted in a score of 4 attributed to the indicator “Sensitivity of
embankment to internal erosion” due to an admissible gradient (calculated by the
experts from the geometry and the material’s resistance to erosion) assessed as
“mediocre”; and of the “mediocre” performance of the sealing function due to the
“clear water leak™ observed by the experts when assessing the indicators. Indeed, the
presence of clear water leaks is an indicator making it possible to obtain the direct
assessment of the performance of the sealing function. If a leak is present, the
performance of the sealing function will be mediocre at best according to the
formalisation grid established for the status indicator “Clear water leak”. This is the
case for the dam being assessed given that the clear water leak was not large. For the
embankment-foundation interface, the mediocre performance (score obtained: 4) is
explained in the same way as for the foundation. These results permit targeting the main
weak points of the structure that have to be treated and going to the proposal for
corrective actions, such as the treatment of vegetation (extraction of trees and
reprofiling of the slope).
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5.3. Synthesis of the assessments performed

By way of example, we present scores of status indicators (table 4) and
performance results (table 5) obtained for the embankment component for the other
applications performed in the framework of this study.

Table 4 gives the consensual scores obtained for the status indicators of each
dam (D2 at D7). For D7, the scores of status indicators specific to woody vegetation are
given for two profiles (P1 and P2). Depending on the type of dam evaluated (type of
sealing, drainage) different types of status indicators are used.
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Table 4. Synthesis of the consensual scores obtained for the status indicators of each dam (D = dam; P= profile;
the text in bold represents the direct status indicators).

Functions Type of dams  Status indicators D2 D3 D4 D5 D6 l;'i_ l;;_
Dam without Leaks or traces
function of of leaks of clear 10 10 / 10 / / /
drainage water
Homogeneous Permeability of 7 / / 3 / / /
dam embankment
Cracking concrete / 3 / / / / /
slabs
Dam with Concrete quality / 8 / / / / /
upstream Differential
concrete facing movement at / 10 / / / / /
joints

Integrity at joints / 8 / / / / /
Upstream slope
failure
Permeability of
facing materials

Dam with Permeability of
impervious core core
Core height
compared at / / / / 9 / /
highest water
Density of
individuals
Root volume per
individual
Type of root
structure of 3 3 5 4 4 4 5
individuals
Degree of
decomposition of
stump or woody
roots
Dam with Leaks or traces
function of of leaks of clear / / 10 / 10 / /
drainage water
Visual of drain
outlet
. Visual state of
Drainage drain collector / / / / / / /
Visual condition
of the
environment of / / 3 / 7 / /
the outlet of the
drainage blanket
Sinkhole 10 10 10 10 10 / /
Differential o5 19 10 10/
Resistance to LG T
Local and

internal erosion T 10 10 10 10 10 / /

Sensitivity to
internal erosion

Dam with
impervious clay

Sealing facing
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Table 5, the following is given:

¢ The name of the dam assessed (name and nomenclature: D2 at D7) ;

¢ The performance of the different functions assessed by the model by
considering the presence of woody vegetation and without considering it
(for the sealing and drainage functions);

e The performance of the component regarding the internal erosion
mechanism by considering woody vegetation and then without
considering it.

This approach permits comparing the influence of the presence of woody
vegetation on the assessment of the performance of each component of the structure.
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Table 5. Synthesis of the performance assessment results of the functions and “embankment” component of the structures assessed with and without taking woody vegetation into
account [Perf. = performance].

Component Name of the Perf. Perf. Perf. Perf. Perf. of Perf. Perf.
dam sealing sealing drainage drainage resistance embankment embankment
(with (without (with (without to (with (without woody
woody woody woody without internal vegetation) vegetation)
vegetation) vegetation) vegetation) vegetation) erosion
Dam of O...,
Ttaly (D2) 2 7 / / 4 3 5
Dam of A...,
Ttaly (D3) 4 8 / / 9 9 9
Dam of G..., 4 ] 3 g 4 3 ?
France (D4)
Embankment
Dam of P..P.., 3 3 / / 6 3 2
France (D5)
Dam of B...,
France (D6) > 7 7 8 > > 8
Damof V..., Not assessable by the model (not enough information) but assessment of woody vegetation on two
France (D7) profiles
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The inclusion of the element “woody vegetation” in the models assessing
embankment dam performance regarding the mechanism of deterioration by internal
erosion makes it possible to improve existing models. It reduces the assessment of the
performance of each of the components of the structure as can be seen during the
assessment of the performance of the French embankment dam of G...(D4) which
changed from good performance when not taking into account woody vegetation to
poor performance when taking it into account (Table 5).Taking into account woody
vegetation in the assessment models thus permits representing the reality of dams
affected by the presence of this type of vegetation and thus increasing their safety
regarding the risk of the internal erosion deterioration mechanism. The robustness of
these models was verified by the fact that they are capable of reproducing the reasoning
of an expert. The procedure used by us during the applications justifies this point as the
expert engineers were asked to give a global score for each component of the structure
without using the performance assessment model. The results obtained with and without
using the model are quite comparable.

The engineers who scored the different status indicators during the seven
applications expressed great interest in this method. The use of the formalisation grid
for scoring each of the status indicators was explained to them before the beginning of
assessment and they found it was easy to implement.

In addition, applying the model to the seven embankment dams allowed the
engineers to:

¢ Check that using the status indicators for assessment was repeatable and
reproducible, an aspect strengthened by the fact that some of the
engineers were unfamiliar with this type of assessment method.

e Check the formalisations of aggregations of status indicators to obtain
the performance of each function. The result obtained by the model had
to match the reasoning of the expert.

¢ Check that using the modular approach in abnormal mode was easy to
handle and promising for performance assessment assisted by a model
adapted to different types of dam.

Nonetheless, the formalisation of three status indicators had to be improved. For
two of these indicators, the differences between the scores of the different engineers
were too large, on the one hand because certain engineers had problems in using the
corresponding formalisation grid or due to the absence of data. In this case, a better
definition was given: this was the case with the status indicator “Sensitivity to internal
erosion for the reservoir at normal water level” which permitted assessing the
performance of the function “Resistance to internal erosion”. On the other hand, data
relating to certain status indicators were unavailable, so the model could not be used.
Thus the status indicators established previously: “Permeability of material”,
“Compaction” and “Granulometry” were replaced by a single status indicator:
“Permeability of embankment”. The latter now allows using the data relating to the
permeability of the material, compaction and granulometry without the lack of one of
these types of data becoming a constraint. Lastly, the references of the direct status
indicator “clear water leak” were modified to make them less penalising according to
the condition of the leak observed. This modification in particular was performed
following the assessment of the Grengia dam where a score of 3 (poor) would have been
too penalising. If the presence of leaks were proven, the score could be 5 at best, i.c. a
mediocre assessment. The results were presented with the expert group, allowing us to
develop our models in order to perform these improvements.
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6. Conclusion

Adaptations and improvements of existing models were performed during this work.
These models now permit assessing the performance of embankment dams in a modular
way for structures having different characteristics (types of sealing, presence or absence
of drainage and monitoring systems); the assessment can also be performed in nominal
mode (dam equipped with drain and monitoring system, absence of vegetation) and in
abnormal mode (dam not equipped with a drain and/or monitoring instruments and the
possible presence of vegetation). The advantage is that it covers a wider range of
structures liable to present serious risks for safety given their situation directly upstream
of exposed sensitive areas.

The application of these models to real cases demonstrated their robustness,
notably by the fact that they are capable of reproducing expert reasoning. It also
highlighted the not inconsiderable influence of taking woody vegetation into account on
the assessment of the performance of an embankment dam regarding the internal
erosion mechanism. These models are now being developed to assess the performance
of an embankment dam regarding this mechanism. We intend to continue our works to
develop assessment models that will permit assessing the performance of dams
regarding other possible deterioration mechanisms: instability (sliding, liquefaction,
etc.), external erosion (external erosion by overtopping, scouring).

To improve the models still further, we will take into account imperfections
linked to data. To solve this problem several methods could be considered such as the
theory of possibilities already employed for dams (Curt, Talon, & Mauris, 2011).
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