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Abstract

The identification of the subsoil constitutive materials, as well as the detection of possible interfaces and
anomalies, are crucial for many site characterization applications. During investigation campaigns,
complementary geophysical and geotechnical methods are usually used. These two sets of methods yield data
with very different spatial scales and different levels of incompleteness, uncertainty and inaccuracy. In this
work, a mathematical combination of geophysical and geotechnical information is proposed in order to
produce a better subsoil characterization. It is shown that belief functions can be used for such a fusion
process. A specific methodology is developed in order to manage conflictual information and different levels
of uncertainties and inaccuracies from different investigation methods. In order to test and validate this
methodology, we focus on the use of two selected methods, Electrical Resistivity Tomography (ERT) and
Cone Penetration Test. First, a synthetic model with artificial data is considered, taking advantage of the
results obtained to conduct a comparative study (effect of parameters and noise level). Then, an experimental
test bench is considered, in which a two-layered model is placed (plaster and saturated sands) and
geophysical and geotechnical data are generated, using a mini-ERT device and insertion depth values. This
work also aims at providing a better graphical representation of a subsoil section with associated degrees of
belief. The results highlight the ability of this fusion methodology to correctly characterize the considered
materials as well as to specify the positions of the interfaces (both vertical and horizontal) and the associated
levels of confidence.

Key Words

Data fusion, belief functions, geophysical data, geotechnical data, experimental test bench, electrical
resistivity tomography.

l. Introduction

For subsoils characterization, investigation campaigns are set up, usually consisting of geophysical and
geotechnical methods. These two families of methods are complementary and are used for various issues
such as the characterization of slope stability [1-4] the characterization of potentially dangerous sites [5], the
characterization of sites at construction [6] or the characterization of river embankments [7].

On the one hand, geophysical methods are non-intrusive and provide physical information on large volumes
of soils but with significant potential uncertainties. These uncertainties are due in particular to the integrative
and indirect aspects of the methods as well as to the resolution of the inverse problems. On the other hand,
the geotechnical investigation methods are intrusive and provide more punctual information but also more
accurate. An important issue for the assessment of subsoils is to be able to combine acquired geophysical and
geotechnical data, while taking into account their respective uncertainties, inaccuracies and spatial
distributions [8]. The complementarity of these two sets of methods is often underused since the uncertainty
and inaccuracy associated with each method are rarely considered. Furthermore, the results are usually only
graphically superimposed [9] instead of being mathematically merged.

To characterize a section of subsoil and its potentially risky areas, it is essential to distinguish the different

materials in place. The horizontal and vertical interfaces, as well as possible anomalies, have to be located.
For levee embankment, as an example, it is in these locations that internal erosion is likely to develop, which
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may lead to the complete rupture of the levee [10]. Such a section characterization, with associated
confidence indexes, could be included in failure hazard models.

The use of belief functions [11-12] and different information combination rules to combine geotechnical and
geophysical data is proposed. This makes it possible to take into account at the same time the uncertainties,
inaccuracies and incompleteness of data related to each method. In the field of geosciences, belief functions
have already been used and provide interesting results for slope instability mapping [13-14], detection of
precious metal [15], groundwater [16] or flood susceptibility mapping [17]. To our best knowledge, no work
has been proposed, considering the combination of two sources of information with different spatial
distribution (spatialized and punctual) and for an investigation campaign in the vertical section.

Here, an innovative method of information fusion to combine electrical resistivity tomography results and
cone penetrometer test data is proposed. First, work on data obtained from synthetic models is displayed. The
obtained results allow to conduct a comparative study, evaluating the effect of different parameters (like the
data noise level) on the fusion result. The fusion methodology is then tested from data acquired on a test
bench. In this work, the potential of such a methodology is shown by using insertion depth data, acquired by
a laboratory penetration cone, and electrical resistivity data acquired by a mini Electrical Resistivity
Tomography (ERT) device. The depth of penetration data corresponds to geotechnical information while the
electrical resistivity data correspond to geophysical information. The main concern is to highlight the ability
of this information fusion algorithm to characterize the interfaces between materials and to discriminate three
different types of materials with variation in thickness of one of them, and to present the variation of the
results according to the number and position of the simulated boreholes.

The main contributions of this work are as follows. First, this new methodology makes it possible to take into
account the uncertainties, inaccuracies and incompleteness associated with the different methods of
investigation used, proposing a modeling of the Basic Belief Assignments (BBAS) specifically adapted to the
problematic. Then, the proposed graphic representation is innovative since it allows both to present the
different geological sets that would be present in the subsoil and their layout, while presenting the confidence
associated with these results. This methodology is particularly suitable for the characterization of interfaces
and anomalous zones, which may correspond to areas where the risk of instability is potentially the greatest.
This work also allows the implementation of a small physical model to validate the fusion approach with real
data.

This article is organized as follows. In section Il a presentation of the approach of fusion used in the
methodology is given, which introduces the use of the evidence theory and the combination methods used
here. In section Ill, a synthetic study will then present the fusion approach from artificial data. It will also
present the comparative results associated to two parametric studies. Then, in section 1V, a presentation of
the investigation methods used in the introduced experiment (laboratory penetration cone and mini ERT
device) is given. Finally, the test bench fusion results are presented in section V and discussed in section VI,
in order to understand the interests, limitations and perspectives of such a methodology.

Il. Fusion methodology
1) Belief functions and combination rules

The belief functions have been introduced by Shafer [11] in 1976 in the development of his mathematical
theory of evidence inspired by previous works of Dempster [12]. Shafer's theory is also referred as Dempster-
Shafer theory (DST) in the literature. This theory (proposes a method to) calculate(s) the belief and the
plausibility of an event (here a soil material class) from distinct source of evidence (measured data). The
practical advantage of using such a theory lies in its ability to manage information from different sources,
associated with variable uncertainties and inaccuracies. In this work, only two sources of information will be
considered: geotechnical and geophysical. Another advantage of this theory is its ability to assess the degree
of conflict between sources (ex: contradictory information between data obtained from large scale
geophysical campaign and from punctual geotechnical investigation). Uncertainties correspond to degrees of
confidence that are given to a value, whereas inaccuracies correspond to intervals of values that can be
directly associated with measurement errors related to the method. For example, the uncertainty of measuring
a geotechnical parameter identical to the one measured in a borehole increases with the distance to that point.
The inaccuracy can for its part, be associated with the error bar of the result. The belief functions allow to
take into account the ignorance and incompleteness of the information. It is indeed possible to grant credit on
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all the possible results in order to quantify the ignorance. For the reader eager to learn more, the theory is
detailed in [18].

A Bayesian approach as part of a subjective probability approach [19] could have been considered for
geophysical and geotechnical data combination. However, the main limitation of such an approach is that
probabilities essentially represent uncertainty and only very poorly the level of inaccuracy. Moreover, in the
probabilistic modeling stage, the different decisions (events) are only represented on singletons (i.e. single
events) and are necessarily considered exhaustive and exclusive. The exclusivity is implied by the
assumption of the additivity of probabilities. However, this hypothesis may be too strong and limit the
representation of the knowledge. Furthermore, with a Bayesian approach, it is difficult to model the lack of
knowledge or the knowledge that is not expressed in probability distributions.

In order to define and to use the belief functions, it is necessary (i) to set a frame of discernment, (ii) to assign
belief mass values to the events of this framework (Basic Belief Assignments - BBAs), (iii) to choose a
fusion rule for combining information; and (iv) to represent the combined information.

The Frame of Discernment ® (FoD) is made of all the possible events about the problem under concern, the
elements of the FoD are exclusive and exhaustive, so that for n events:

0 ={6,,6,,...,0,} (1)

In the considered problematic, the possible events of the FoD correspond to intervals of values of
geophysical and geotechnical parameters that can be associated with classes of geological materials (for
example, 6,=clays, 6,=sands...). The space of belief mass functions, the set of all subsets of @, written 2°, is
fixed by all the disjunctions and by the possible conflict between the sources of information (written @) such
that:

29 = {Q' {91}! {92}: {91 U 92}!{63}! {91 u 63}' {62 u 63}' {61 u 62 u 63}, L {61 u 62 u 93 u..u 97’1}} (2)

As in the probability theory, the belief mass function m; is defined, for a source of evidence §; (for j=1, 2),
attributed to A (defined on 2°) in [0, 1] such that the more m(A) tends to 1 and the more the confidence in A is
important :

Z mi(4) =1 3)

Ae2©

The difference with the probability theory lies in the fact that A can represent the union of several events (for
example, either 8; OR 6,). It is therefore possible to model uncertainty and lack of knowledge. For instance,
when no information is available about the achievement of an event member of ®, one can set m;(0) = 1,
avoiding the uniform distribution that would have been considered in a probabilistic scheme. Combination
rules, as part of the belief functions theory, can thus take different levels of uncertainty and imprecisions into
account according to the source of information. If only defined on singletons, the belief mass function is
similar to a probability distribution.

Smets fusion approach developed in his Transferable Belief Model (TBM) [20] (i.e. conjunctive fusion)
allows the attribution of a mass of belief to the conflict, outside the FoD, so that (open-world assumption):

my, (@) >0 4

Where my,(+) denotes the combined BBA resulting from the combination of information of sources 1 and 2.
The belief mass resulting from the fusion of information from source 1 and 2 is written:

mp@ = ) mOmy(Y) (5)
X,Ycoxnr=A

And the level of conflict between the two considered sources of information can therefore be quantified by:

mp@ = ) mOmy() (©)
X,yce|xny=¢
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With m,(X) and m,(Y) the belief masses respectively attributed to events X and Y by sources 1 and 2.

According to Shafer’s approach and unlike Smets’ rule, Dempster-Shafer’s rule (DS) does not allow the
attribution of a mass of belief to the conflict (closed-world assumption):

mi; (@) =0 ()

The conflict is there reallocated through a classical normalization factor. The mass of belief in A, mP5 (4),
resulting from the fusion of information from sources 1 and 2 is written:

1
1= my, @) my (X)my(Y) (8

X,Yco|xny=A

mis (4) =

The disadvantage of this method is that the conflict between the sources is no longer represented and it is
possible to obtain counterintuitive results if the conflict is important because of this normalization. Even
more problematic, even if the distinct sources are both informative whatever the level of conflict is,
Dempster-Shafer’s fusion process can even not take into account the second source of information [21].

On the other hand, the PCR6 (Proportional Conflict Redistribution No. 6) rule of combination [22-23],
considering two sources of information, only transfers the conflicting mass to the events that are actually
implied in the conflict and in proportion with their individual masses in order to preserve the specificity of
the information. In order to apply the PCR®6 rule : i) the combination rule described in Eq (5) must be applied,
ii) the total or partial conflicting masses have to be calculated and iii) the total of partial conflicting masses
have to be redistributed proportionally on non-empty sets. So, for mf$®¢(@) =0 and Vv 4 € 2°\ {0}

my (A)*m,(Y) my(A)*my (V)
my(A) + my(Y)  my(4A) + my(Y)

iSO (A) = mip(A) + ) [ ©
ve2@

ANY=0

2) Construction of BBAs from geophysical and geotechnical data

Belief masses have to be assigned to each considered event of the FoD, for both sources of information. The
combination of the belief masses can only be initiated after this stage. In the following, the geophysical
source of information will be identified as source 1 and the geotechnical source of information as source 2. A
2D model assumption will be made, corresponding to the x and z spatial axes, since vertical sections of
subsoil are considered.

Geophysical data

The discretization of the considered subsoil section, as well as the depth of investigation and the resolution,
depend on the acquisition method used [24]. It is the user who sets, using the inversion tool used, the shape
and dimensions of the discretization grid used. It is about starting from this discretization and being able to
associate for each cell, masses of beliefs for each event of the FoD.

The constitutive classes of the FoD are also fixed at the end of the inversion process by the geophysicist, with
the help of a representation of the distribution of the set of inverted geophysical values, in the form of modal
classes (Figure 1.a). The representation in this form makes it possible to highlight the centers, minima and
maxima of the events considered in order to be able to fix the bounds of the intervals associated with the
events of the FoD. The number of cells of the subsoil section are represented according to the geophysical
parameter values. The infima and suprema must be fixed so that the intervals are of the same width in order
to avoid the appearance of a bias when calculating Wasserstein distances (detailed under). To associate the
belief masses with the FoD events, the intervals of inverted values of the physical parameter (in red, Figure
1.b) are considered. For some geophysical methods, these intervals can correspond to the value obtained at
the end of the inversion with its associated inaccuracy.

It is then necessary to associate belief mass values m;(.) corresponding to each element of 29, for each cell of
the inverted section. The masses are obtained from the calculation of Wasserstein distances [25], considering
two geophysical intervals A =[ a;, a,] and B = [ by, b, ] with A and B belonging to R, A being the interval
corresponding to an event of the FoD and B being an interval of inverted values (Figure 1.b), Eq. (10):
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0= (2229 - (2] 43222+ (22 (m)

This calculation estimates the distance between two intervals according to their size and the distance between
them. The Wasserstein distances are calculated (using a logarithmic scale if the geophysical parameter
requires it) between the inverted values with estimated inaccuracies, and the intervals associated with each
event, chosen by the geophysicist. Each cell is finally associated with a standardized BBA respecting Eg. (3).
This way, the more the distance of a geophysical interval resulting from the inversion is "close"” to one event
of the FoD, the more the mass of belief associated is important, and reciprocally.

a) . 0, 9, 6; b)

Lg a, a, a; a, a; 3

ki a1 r 7 r 1 7

I 17 R A B A R

= Infima P1b; Maxima

Geophysical
i parameter values

a, a, a;  a, a; A

Figure 1: a) Model classes’ distribution of the geophysical parameter values from the considered subsoil
section, allowing the selection of the geophysical classes in b). The red interval corresponds to an interval of
inverted values, from one cell of a 2D section of subsoil, used for Wasserstein distances’ calculation.

Geotechnical data

For the geotechnical part, the information proposed during an investigation campaign is spatially punctual (in
the x-z plane) and often contained in vertical soundings made from the surface. It is about associating masses
of belief with the different events of the FoD for each cell of the considered vertical soundings. For this, the
values proposed at each depth are considered with the associated inaccuracy, corresponding to the
measurement error that could be attributed to the measuring device (Figure 2.a). Thus, as for the geophysical
part, intervals of values are obtained.

The geotechnical mesh consisting of as many cells in depth as the number of geotechnical values (Figure 2.b)
is generated. A mass of belief m,(.)=1 is assigned, in the drilling points, to the events corresponding to the
measured geotechnical parameter. A value of 1 is set since we are very confident in the information inside
the boreholes unlike the spatialized geophysical information. A new mesh is then constructed (Figure 2.c),
according to the size and depth of the boreholes. In order to characterize the entire section of the model, as
does the geophysical method, and to associate mass values to each new cell (BBA), an exponential lateral
decay of the belief mass is imposed, from the drilling point to the nearest borehole so that the decay rate is a
function of the values proposed by the nearby borehole. So that, for a specific depth, Eq. (11):

BBA(x) = e %%~ BBA(0) (11)

With x being the distance from the considered cell to the reference borehole (x=0 in the borehole), k a decay
factor fixed by the user to adjust the lateral decay rate, BBA(x) the belief mass values assigned to each event
of the FoD for a position x, with BBA(0)=1. C, corresponds to the coefficient of variation expressed in Eq.
(12), such as used in [26]:

1 n
———= . MQ — Q)3
C. = \/nmesh 1 1 (12)

’ Q

Where Q is the geotechnical value of the reference cell in the considered borehole and Q; the geotechnical
value in the nearby borehole. For Figure 2.b, nye»,=3 has been considered. If nyesn = 5 or 7, the computation
of the C, will take into account 5 or 7 cells in the nearby borehole. Indeed, for two consecutive boreholes



A OWN -

© 00 N ool

14
15
16
17
18
19
20
21
22
23
24
25
26
27

28
29

30
31
32
33

with similar values, at similar depth, the decay of the confidence is slower than for two consecutive boreholes
presenting radically different values. This decay of belief mass is carried out to the left and to the right, from
each drilling.

SD1 SD2 SD2
a) sD1 sD2 X(m) b) X{m] C_)_ SD1 X(m)
p Q,
'.f-. Q 0.2 l t t =
: ' Q3 T T
Z(m) f;eote;hnical parameter valu.es g Z(m) Z(m)=

Figure 2: Construction of a geotechnical discretization mesh from two vertical boreholes acquisition (SD1
and SD2). a) Representation of the geotechnical values for SD1 and SD2 according to the depth. b) The
boreholes are divided in cells associated with belief mass equal to 1 for the considered event. c) Construction
of a new mesh according to the size and depth of the boreholes.

If, between two boreholes, the mass of belief associated with a hypothesis A is less than 1 (m, (A) <1), then
the remainder of mass to be allocated to satisfy Eq. (3), is reported on the proposition “any type of material”
represented by the union of all events, such as Eq. (13):

m,(6, U6, U0, U8,) =1—my(A) (13)

Considering n boreholes, from 1 to n from left to right: borehole 1 cannot be compared to any borehole to its
left neither can borehole n be compared to any borehole to its right. Indeed, for a given depth, an equal C, is
considered for left and right directions, for boreholes located at the beginning and at the end of the section.

3) Dimensioning of the mesh prior to the fusion

Each source of information imposes its own mesh but in order to combine the belief masses from the
geophysical information source (source 1) and the geotechnical source (source 2), it is necessary to have a
common mesh containing, for each cell, the geophysical and geotechnical BBAs. In order to not alter the
quality of the information, no interpolation is carried out. It is decided to superimpose the geophysical
discretization grid resulting from the 2D inversion to the geotechnical division, depending on the number and
the borehole positions. Thus, an irregular mesh is obtained but without any approximation (Figure 3).

Figure 3: Example of a geophysical mesh (in black) and a geotechnical mesh (in red) superimposed to
propose a new irregular mesh to carry out the combination calculations and present the fusion results.

. Synthetic study



O©COoO~NO O WNPE

44
45
46
47
48
49
50

l—’ =
5m
z

Below, a synthetic study based on artificial data is proposed in order to test this new proposed methodology.
It is the opportunity to show the impact of different levels of noise on the geophysical information as well as
the influence of the lateral decay factor k (Eq.11) on the results of the fusion in order to be able to choose a
value for the use of such a methodology from real data.

1) Considered methods

For this study, the electrical resistivity tomography (ERT) method stands for the geophysical information
source and the Cone Penetrometer Test (CPT) method for the geotechnical information source.

The basic principle of DC-resistivity methods consist in injecting an electric current of known intensity [A]
by means of two "current” electrodes and measuring a voltage [V] between two “potential” electrodes.
Depending on the electrode layout, the topography, the properties of the materials and their distribution,
apparent resistivity values can be computed. The depth of investigation depends on the spacing of the
electrodes, the configuration of the electrodes and the nature of the soil [27]. By generalizing this principle, a
two dimensional (2D) ERT consists in aligning a series of electrodes and acquiring a large number of
measurements based on four electrodes configuration. The apparent resistivity data acquired are then inverted
using an inversion code or software to reconstruct a complete 2D-section of electrical resistivity [Q.m]. Here
the Res2Dinv software (ver 3.71.118) [27] has been used.

In order to obtain an artificial resistivity section of subsoil, a two steps procedure is followed. First,
resistivity data are simulated using the Res2Dmod software [28], on the section that we want to consider.
Second, apparent electrical resistivity values are inverted with Res2Dinv, considering a L1 norm [29] and an
extended model discretization, to obtain the synthetic inverted section of electrical resistivity.

The CPT method consists in pushing rods into the soil, at a constant speed, with a conical tip at the end [30].
This test is often used for the determination of the soils mechanical resistance properties. The two measured
parameters are the tip resistance q. [MPa] and sleeve friction f, [MPa]. Although the method uses two
parameters, only g. will be considered as the study parameter.

2) FoD and considered model

For this synthetic study, a two-layer model is considered, composed of materials that can be likened to silts
for the upper layer and clays for the underlying layer. The FoD therefore contains three material class
hypotheses, such as:

0 =1{6,,0,,65} (14)

With 6, the event corresponding to the clayey material, 8, to the silty material and 85 to unknown materials.
The latter is associated with the union of the geophysical and geotechnical value ranges that do not
correspond to those associated with 6, and 6,. This event 65 allows us in a certain way, to quantify the lack
of knowledge of the environment since it does not include the two first sets. The construction of the BBAS
then consists in associating the data of the two considered sources to the events of the FoD. Figure 4 shows
the two-layer model based on events from the FoD, used for this synthetic study.

X 0m

e,

17m
0Om 24 m 72 m 95m

Figure 4: Representation of the events of the FoD in the imposed model of subsoil of the synthetic study.
3) Construction of BBAs from geophysical and geotechnical data
Geophysical data

The electrical acquisition is simulated with a Wenner acquisition mode and with 96 electrodes interspaced
from one meter. An electrical resistivity of 100 Q.m is considered for the upper material and a resistivity of
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30 Q.m for the underlying one [31] (Figure 4). Electrical acquisitions are simulated with different noise
levels (5, 10 and 15%). The results of this inversion (with 10% noise, figure 5.a) allow to highlight the
presence of two layers but the interface between these two layers is not perfectly identified. A variation of
thickness in the center of the model is visible. The interface is not straightforward and anomalies are present
on the surface even though they are not part of the initial model.

From these inversion results, it is possible to define the ranges of electrical resistivities that will be associated
with the different events considered for the fusion process. A distribution in modal classes is used to visualize
the number of cells, in the discretized section of the 2D inversion, associated with specific range of
resistivities (Figure 5.b). This distribution allows to highlight the two large material classes of the model.
Thanks to it, the bounds of the considered events can thus be defined (in Q.m), so that the intervals have the
same length (in logarithmic scale):

6, = [25;45] (15)
0, = [83; 149.4]
0, = [13.89; 25[U]45; 83[U]149.4; 268.92]

As explained in I1.2., it is possible to associate belief masses with each cell of the mesh thanks to the values
resulting from the inversion. As part of the construction of geophysical BBASs, the values presented Figure 6
are obtained. This figure highlights the association of the values of Figure 5.a with the events of the FoD, Eq.
(15). The presence of a top layer (6,) and a base layer (6,) can be detected (Figure 6.a). It appears that there
is a variation in the thickness of the layers in the center of the model, but the interface is not well
characterized. Moreover, the intermediate values of electrical resistivity resulting from the inversion (Figure
5.a) between 6, and 6, layers induce the representation of a third material (6;) which has no reality in the
model that has been fixed. The belief masses are maximum when the resistivity values correspond to the
center of the resistivity classes set for each event (Eq.15).

Depth Iteration 4 RHS error = 7.5 %
0.9 1

6.8

Inverse Model Resistivity Section
. .. 5 ] [ .-
25.0 31.4 39.3 49.3 61.9 7.6 97.4 122

Resistivity in ohm.m Unit electrode spacing 1.80 m

200

[y
(%)
o

o Number of cells
) 3 8
]
I
]
]
]
I
v
]
I
I
I
]
1

LR S N NN N - > N, S N
L S S PO I L S A AR S
SRR N RN N A R

R S A NS &F

Inverted electrical resistivity values (Q.m)

Figure 5: a) Subsoil section displaying inverted electrical resistivity values from 10% noise data acquisition
and b) model classes’ distribution of the cells presented in a), according to the electrical resistivity values
(Q.m).
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Figure 6: a) Representation of the event having the highest belief mass according to the BBA construction
from geophysical data and b) the associated belief mass values, considering a 10% noise. The black line
represent the position of the interface.

Geotechnical data

Concerning the source of geotechnical information, the simulation of four vertical CPT soundings inter
spaced from 19 meters is proposed (Figure 7). 20 cm wide and up to 15 m deep boreholes are considered, and
a value of q is recorded every 50 cm from the surface. An inaccuracy of 10? MPa on the measurements is
considered. For a fixed normalized friction ratio of 3%, a value of g, of 20 MPa is considered for the upper
silty material and a value of 0.2 MPa for the underlying clay material, as proposed in the Robertson diagram
[32].

30 100
m = Ohmm
Resistivity model
20.00 400 8.00 12.0 16.0 20,0 240 28.0 320 36.0 40.0 440 480 520 S6.0 60.0 640 63.0 2.0 76.0 80.0 84.0 88.0 92.0

0.2 20 MPa 0.2 20 MPa 0.2 20 MPa 0.2 20 MPa

Figure 7: 2D section of subsoil displaying true ER distribution with boreholes positions in black and
associated tip resistance vertical profiles in white.

In order not to have uniform values of g, for the materials and to try to represent the noisy reality of an
acquisition in the field, values are drawn following a normal distribution defined for each event. Mean q.
values of 0.2 and 20 MPa are respectively used to define the normal distributions of the material classes.
Standard deviation values equal to 10% of the mean values are associated, echoing the 10% noise used for
the geophysical data. Keeping the minimum and maximum values, these random draws, make it possible to
define the limits, in MPa, of the intervals associated with the elements (i.e. material classes) of the FoD:

0, =[0.14; 0.27]
0, = [13.5;23.5] (16)
6, = [0.1;0.14[U]0.27; 13.5[U]23.5; 100]

The minimum and maximum values are fixed at 0.1 and 100 respectively because they are the minimum and
maximum values in Robertson’s diagram [32].

There are two types of sounding results according to their position (Figure 8). Once the values associated
with the meshes of the sounding are obtained, it is possible to associate masses of belief to the whole section
by extending the geotechnical information, as explained in 11.2. In the framework of the construction of
geotechnical BBAs and for k = 0.1 (Eqg.11), the obtained values are proposed in Figure 9. This figure
highlights the fact that the confidence is maximum in the soundings. This method allows us to characterize
the material 6, on the first 5 meters of the model and the material 8, from 10 to 15 meters deep.
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Figure 8: Examples of the two types of simulated soundings with tip resistance values according to the

3

4 investigation depth. a) corresponds to borehole n°1 and 4 on figure 7 while b) corresponds to borehole n°2
5 and 3 on figure 7.

6

Om 20m 40 m 60 m 80m
7 Figure 9: a) Representation of the events having the highest belief mass according to the BBA construction
8 from geotechnical data and b) the associated belief mass values. The borehole positions are in dashed lines
9 while the black line represent the position of the interface.

10

11 The greater thickness of the material 6, in the center of the model is also well characterized. On the other
12 hand, a great doubt appears in yellow (Figure 9.a) in certain areas, not allowing the determination of a
13 specific material (8, U 6, U 6;). For the model base area, this can be explained by the fact that the soundings
14  stop at 15 meters depth. Regarding the areas between 5 and 10 meters to the right and left of the first and last
15  sounding, this is related to the fact that for these two soundings, the closest soundings propose different
16  values at the same depths, the confidence attributed to the presence of 6, therefore decreases very quickly
17 laterally. This decay is also high towards the edges of the model because no other sounding is present at the
18  ends to constrain the information.

19

20 4) Effect of lateral decay factor and noise level on the fusion results

21
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We examine in this part the results of the fusion of belief masses established for the proposed synthetic
model by varying the noise level of the geophysical information, as well as the value of the lateral decay
factor k (Eq.11) influencing the lateral decay rate of geotechnical information.

Figure 10 shows the fusion results with different values of k (10? 5.10% 10%, 5.10" and 1) for a simulated
noise of 10% on the acquired geophysical information. Noise was set at 10% since the electrical resistivity
classes of the FoD were defined from the modal classes of the inverted 10% noise image, Figure 5.b. For
each value of k, Figures 10.a and 10.b represent the results obtained by Smets fusion whereas Figures 10.c
and 10.d represent the results obtained by PCR6 fusion. While Figures 10.a and 10.c show the material
classes having the greatest mass of belief at the end of the fusion process, Figures 10.b and 10.d correspond
to the values of these respective belief masses, between 0 and 1. These figures, display the events (materials)
potentially present within the section, as well as their attached level of confidence.

Considered events Belief mass values

B N [ |

S 6, 63 )

Sl LLILL I

Figure 10: Representation of the events having the highest belief mass in a) and ¢) and their associated mass
values in b) and d), considering a 10% noise. In i) k=0.01, ii) k=0.05, iii) k=0.1, iv) k=0.5 and v) k=1.
Figures on the left side are results for Smets fusion while figures on the right side are results for PCR6

fusion. The sounding positions are in dashed lines while the black line represent the position of the interface.

The higher the value of k is, the higher the rate of confidence in geotechnical information is. This can be
seen, for example, from the last borehole to the right end of the section (Figures 10.b) or between the 2™ and

11



3" boreholes (Fig 10.d). The increase of k implies that for two soundings offering similar values at the same
depth, the confidence associated with the corresponding type of material will tend to decrease. On the other
hand, for two soundings proposing different values at the same depth, the increase of k will hardly have any
impact on the belief masses associated with the selected events (e.g. between 5 and 10 m of depth between
the boreholes 1 and 2, Figures 10.d).

With regard to the material classes identified after the fusion process, the more k increases, the more the
quantity of conflict decreases (in red, Figures 10.a). This is explained by the fact that when there is little trust
in the geotechnical data, there is little conflict with the geophysical data. In the meantime, an increase in the
10 proportion of 5 is observed (Figures 10.c) close to the interface. This observation is explained by a larger
11 mass attributed to the union of events and by geophysical data which propose intermediate values at the
12 interface level.

O©COoO~NO O WNPE

14 In the following of this work, an intermediate value of k will be retained, equal to 0.1. With such parameter
15  value, a good confidence in information repeating between two successive soundings is obtained, but it also
16 leaves room for doubt by having enough unknown material (03) at the interfaces. The obtained fusion results
17 with different noise levels added to the geophysical information (5, 10 and 15%) are shown in Figures 10.iii
18 and 11 with k =0.1.
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20 Figure 11: a) Subsoil section displaying inverted electrical resistivity values from i) 5% noise and ii) 15%
21 noise data acquisition. Representation of the events having the highest belief mass in b) and d) and their
22 associated mass values in c) and e). Figures on the left side are results for Smets fusion while figures on the
23 right side are results for PCR6 fusion. The sounding positions are in dashed lines while the black line
24 represent the position of the interface.
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The greater the amount of noise is, the less clear the interfaces proposed by the inversion are (Figures 5.a,
11.i.a, 11.ii.a). A greater number of anomalies are also present when the noise level increases. The noise level
finally impacts the level of inaccuracy associated with the geophysical data used in the fusion process. Larger
data inaccuracies induce wider value ranges considered for calculating Wasserstein distances, which in turn
can bring to consider belief masses on more events of the FoD.

Since the classes associated with FoD elements were fixed from the values with 10% noise (section 111.3 and
Figure 4.b), it is "reasonable” to have a higher confidence (higher belief masses) on these results than on the
results with 5% and 15% noise (Figures 11.c, 11.e, 10.iii.b, 10.iii.d). The fusion process allows to override
the noise effects, whether the noise level is 5 or 15%. This can be imputed to the computation of Wasserstein
distances, taking into account the data inaccuracies and considering all geophysical classes.

V. Setting up a test bench for real geotechnical and geophysical acquisitions
A. Materials

In order to be able to assess the validity of the developed fusion methodology, two methods of data
acquisition were retained: (i) a mini-ERT device acting as the geophysical source of information and (ii) a
laboratory penetration cone acting as the geotechnical source of information. Before setting up the test bench,
it was necessary to select the materials that could be put in place in a tank in order to carry out the study. This
selection implies that the materials used meet several conditions in order to validate the methodology: they
must have (i) distinct electrical resistivity ranges, (ii) distinct penetration depths and (iii) a certain
homogeneity in the space to limit uncontrolled anomalous values.

1) Mini ERT device
Expressly for the purposes of this study, a mini ERT device (Figure 12) has been set up. This device consists

of 48 electrodes of 6 mm length, positioned at regular intervals of one centimeter. It can be moved along the
test bench to make multiple acquisitions and to cover a longer section.

Figure 12: Mini ERT device with 48 electrodes spaced 1 cm, adjustable height, used for electrical
acquisitions in the test bench.

2) Laboratory penetration cone

The laboratory penetration cone method is described in the French standard NF P 94-052-1 [33]. It consists in
measuring a penetration depth of a cone, in millimeters, subjected to its own weight (Figure 13). The
materials are tested individually, repeatedly, to determine an average value and a standard deviation of
penetration depth for each material. These values can be used later in the study to simulate different drilling
positions within the test bench. This method can be likened to the CPT method which is one of the most
popular in situ geotechnical tests.
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Figure 13: Laboratory penetration cone
3) Test bench and used materials

For the validation of the methodology, we wanted to build a test bench that could be easily set up and
controlled, with two or three layers and variation of the interface positions. Fast-hardening natural fine-
grained plaster as well as Hostun fine sand [34] are the retained constituents. These two materials meet the
three conditions listed above. They were placed in a transparent PVC tank of 100 x 30 x 17 cm?® as shown in
Figure 14 with an underlying layer of 5 cm of plaster (setting time = 69 h) overlaid by a layer of 2.5 cm of
water saturated sand.

Figure 14: Transparency view of the test bench

A formwork was made during the placement of the plaster so that a 20 cm long anomaly could be inserted in.
Saturated sand of 7.5 cm thickness is present instead of plaster. The contact between the materials and the
bottom of the tank is at the origin of an interface that will be interesting to detect with the help of the
methodology. 16 kg of plaster were mixed with 8 kg of water to obtain the material finally put in place. The
electrical resistivity of the plaster was measured before and after the placement of the saturated sand to verify
that the presence of water had a negligible impact on the electrical properties of the plaster.

Table 1: Values of electrical resistivity and depth of penetration of the materials set up within the test bench

Plaster before Saturated
pluviation Hostun sands
Electrical resistivity
(Q.m)
Mean 31.28 78.15
Standard deviation 3.23 11.18
Number of measures 12 52
Penetration depth (mm)
Mean 0.11 17.31
Standard deviation 0.04 1.61
Number of measurements 8 10
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For the Hostun sand, 15.82 kg were pluviated in 5.8 kg of water, above the plaster to reach saturation. Trials
had been carried out in advance to determine the proportions of water and sand required to achieve such a
state as well as to validate the repeatability of such installation by pluviation. The values of electrical
resistivities and penetration depths are displayed in Table 1.

B. FoD and BBA modeling
1) FoD and target model

A FoD consisting of four elements (material classes) is considered so that:
0 = {91'92;93'94} 17)

With 6; the element corresponding to the plaster material, 6, corresponding to saturated sand; 6s
corresponding to the hard and electrically insulating bottom of tank simulating a substrate and 6,
corresponding to unknown materials, being the union of the ranges of values not corresponding to those
associated with the 3 previously described materials. Figure 15 presents the target model in the form of
events constituting the FoD, following the disposition of the materials within the test bench. Although the
tank used is 1 m long, the ERT acquisition only covered a 83 cm long section, on the central line of the
model, and allowed us to image up to 18 cm of depth.

Ocm
2.5cm

7.5¢cm

18 cm
Ocm 27 cm 47 cm 83cm

Figure 15: Scheme of the idealized section model (with vertical exaggeration), including the FoD constituent
events associated with the materials of the test bench

2) Construction of BBAs from geophysical and geotechnical data

The electrical acquisition was carried out on 83 cm long, on the central line of the model, with a first
acquisition on 47 cm, and three next acquisitions done after respective displacements of 12 cm (roll along
method). The results obtained from the inversion of the acquired data are displayed in Figure 16.a. These
results make it possible to highlight the existence of three distinct sets, at depths relatively close to the target
model (Figure 15) but presenting vertically slightly shifted interfaces, gradual rather than sharp. In addition,
the variation in saturated sand thickness is poorly evaluated. Indeed, the anomalous zone is recognized but
associated here, in its lower part, with values of electrical resistivities much larger than what they really are.

The proposed values, although in the same order of magnitude, do not exactly match the ranges of values
measured on the materials independently (Table 1). In order to characterize the events (materials) of the FoD,
a distribution in modal classes (Figure 16.b) is used to visualize the number of cells of the discretized section
for the 2D inversion, associated with their corresponding ranges of resistivities. This distribution makes it
possible to highlight the three large sets of materials in the model. Thanks to it, the bounds of the events
considered can thus be defined, in Q.m, so that the intervals are the same length, as presented Eq. (18):

6, = [10;35]
0, = [40; 140] (18)
0, = [9500; 33 250]
6, = [2.85; 10[U]35; 40[U]140; 9 500[U]33 250; 116 375]

In contrast to information from the geophysical source, geotechnical data were obtained beforehand by
laboratory penetration cone testing, and then numerically simulated prior to fusion. Several simulations
proposing various positions of survey points were carried out. In order to simulate drilling points, the
associated mean depth values (mm) and associated standard deviations (Table 1) were used to draw values,
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following a normal distribution defined for each event. An average penetration depth value of 0 mm is used
for 65 (bottom of tank) and an associated standard deviation of 0.01 mm, meaning that negative values may
be drawn. These random draws, make it possible to define the limits, in mm, of the intervals associated with
the events of the FoD as presented Eg. (19):

0, = [0.04;0.19]
6, = [13;21] (19)
0, = [—0.02;0.02]
6, = [—0.05; —0.02[U]0.02; 0.04[U]0.19; 13[U]21; 100]

Thus, 2 mm wide boreholes are simulated, down to 15 cm and acquiring every 5 mm with an associated
inaccuracy of 0.01 mm. The values of penetration depth obtained can then be associated with the different
materials of the model.
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Figure 16: a) inverse model resistivity section obtained by roll along acquisitions in the central line of the
model and b) model classes’ distribution of the cells presented in a), according to the electrical resistivity
values (Q.m).

V. Test bench data fusion results

The results of the geophysical and geotechnical information fusion, are proposed in Figure 17. The
simulations were carried out according to four distinct vertical drill positioning configurations, represented in
dashed lines in the figures and at regular intervals: i) 8 holes inter-spaced of 10 cm (Figure 17.i) (x = 10; 20;
30; 40; 50; 60; 70; 80 cm), ii) 5 holes inter-spaced of 18 cm (Figure 17.ii) (x = 4, 22, 40, 58, 76 cm), iii) 3
holes inter-spaced of 25 cm (Figure 17.iii) (x = 15, 40, 65 cm) ), iv) 2 holes inter-spaced of 50 cm (Figure
17.iv) (x = 15, 65 cm). The fusion results carried out are presented, respecting i) the hypothesis of Smets
(Figures 17.a and 17.b), ii) the hypothesis of a closed-world (section 11.1) with PCR6 rule (Figures 17.c and
17.d). Figures 17.b and 17.d represent the belief mass values associated with events having the largest mass,
represented respectively in Figures 17.a and 17.c. The fusion results are analyzed and discussed in the next
section.
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Flgure 17: Representatlon of the events havmg the hlghest bellef mass in a) and ¢) and thelr assomated mass
values in b) and d). For i) 8 boreholes, ii) 5 boreholes, iii) 3 boreholes, iv) 2 boreholes are considered. For
each case, (a,b) figures are results of Smets fusion, while (c,d) figures are results of PCR6 fusion. The
borehole positions are in dashed lines.

VI. Fusion results analysis and discussion

Different rules of combinations

Let us discuss and compare the results obtained by the 2 different combination rules used in an 8-boreholes
simulation (Figure 17.i). In the framework of a model as rich in geotechnical information, the section
proposed by the PCR6 method (Figure 17.i.c) is very close to the target model set up (Figure 15). The three
sets are well characterized and the interfaces at 2.5 cm deep (sands-plaster) and at 7.5 cm deep (plaster-PVC
tank and sand-PVC tank) are much better defined than by ERT alone (Figure 16.a). Moreover, thanks to this
geotechnical information, the sand thickness anomaly could be correctly characterized as saturated sands (85)
and not as a more resistive anomaly, in continuity with the insulating material from below, as suggested by
the results of the inversion. The lateral extension of this anomaly is, moreover, well estimated (20 cm). The
combination of Smets highlights the significant conflict existing between the two considered sources of
information (Figure 17.i.a) concerning the two first layers.

Whatever method is used, the presence of a hypothesis 6, is found at the vertical and horizontal interfaces
(Figures 17.i.a, i.c). This hypothesis does not correspond to any material set up in the test bench. The belief
masses attributed to such a hypothesis, highlight the transition zones not conform to reality, proposed by the
inversion of the electrical resistivity data (Figure 16.a). In comparison to the belief masses associated with
the other hypotheses of the model, the belief masses associated with 6, are the lowest (Figures 17.i.b, i.d),
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showing that the confidence granted to such a material remains quite relative. An overall confidence drop is
also observed from 15 cm depth. This corresponds to the maximum depth reached by the simulated
boreholes. As confidence is extended laterally, the belief masses are constrained only by geophysical
information to such a depth and therefore rely only on one source of information.

Influence of the number of boreholes and positions

The first intuition would be to assume that the more the number of boreholes decreases, the more the method
should be put in difficulty to properly characterize the section of the set up test bench. Although this is partly
true, the quality of the results is not based as much on the number as on the positions of the drillings. Indeed,
the anomaly of saturated sands contained between the two banks of plaster (Figure 15) is as well
characterized in terms of lateral extension with three or five soundings (Figures 17.ii.c, iii.c). It also has an
equivalent associated trust (Figures 17.ii.d, iii.d). It turns out that the belief masses associated with the event
0, (plaster) are even smaller for a fusion including three soundings (Figures 17.iii.d) than for a simulation of
only two (Figures 17.iv.d).

The explanation of such results lies in the fact that being in the presence of consecutive boreholes, informing
about the occurrence of different materials, at an equivalent depth, induces a rapid decrease in the confidence
attributed to the boreholes. Therefore, more credibility is given to the geophysical information source,
explaining the greater presence of 84, which reflects the gradual transitions in electrical resistivities. The
masses associated with this event, however, remain relatively small. On the other hand, if two consecutive
boreholes have the same geotechnical values, for a specific depth, the lateral decay rate will be low and no
priority can be given to a different material existing between these two boreholes. That is why the sand
anomaly in the center of the model does not appear in the results fusion with two soundings (Figures 17.iv.c)
: no borehole pass through the anomaly and the geophysical source is unable to characterize this material as
saturated sand. The strength of these results is that they suggest the presence of 8, in this location, suggesting
that the survey campaign should be reinforced (with a new borehole position for example).

The conflict presented by Smets combination (results in Figures 17.i.a, ii.a, iii.a and iv.a) is neither a function
of the number of geotechnical soundings. In this study, the cases of fusion bringing the highest amount of
conflict are in fact the ones with eight and two soundings. Nor is it to be confused with a lack of knowledge
of the subsoil. Conflict zones highlight contradictory information between the two sources. These zones are
generally between two consecutive boreholes providing the same information, but going against the available
geophysical information. These are therefore potentially anomalous zones where the geophysical information
must be considered carefully, in particular if the belief mass associated with the event retained after
normalization is too low.

Important considerations and potential in the application

It is important to consider that the effectiveness of this fusion methodology has been assessed by comparing
the fusion results with a target model (Figure 15). However, this remains an idealized representation of the
test bench set up and could be, in some places, quite far from reality (real interfaces not perfectly horizontal
or vertical, materials not perfectly homogeneous, 3D effects neglected ...). The approach is different from the
one of the synthetic study (Figure 4) where the model shown corresponds to the true model. In order to
control the effectiveness of the fusion methodology, it was envisaged to carry out ex post verifications of the
constituent materials. Unfortunately, for practical reasons, this could not be done (reworking of materials
modifying their physical properties, interaction with water, delicate cutting and extraction ...).

Regarding the fusion methodology developed, two aspects are debatable. First, the choice to set a mass of
belief equal to 1 on the geotechnical information in the boreholes. Second, the effect of different random
draw results on the fusion results. The choice of a maximum punctual confidence (m=1) in boreholes is
defended in order to give a full and local confidence to geotechnical information as it is currently done during
investigation campaigns. Excessive risks are not taken since the test bench is relatively well known and the
synthetic model is perfectly well known. Thus, it is sure that simulated borehole values refer to the right
materials. Furthermore, a value of m=0.99 instead of m=1, for instance, does not significantly change the
results and does not change the interpretation and the resulting discussion. Regarding the effect of random
draws, these draws were done following a normal distribution, the variations from one draw to another are
minimal and the results of fusion differ little.

Such an information fusion algorithm, dedicated to the combination of data from geophysical and

geotechnical sources, should prove useful for processing of data acquired during investigation campaigns for
many different kinds of issues. It is possible to envisage its use with a larger number of materials, but also,
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and especially, with a larger number of data types from geophysical methods (seismics, ground penetrating
radar) and geotechnical testing methods (penetration cone, core sampling with laboratory identification,
permeability tests ...) associated.

In the framework of a recognition campaign, the conflict zones, or zones with a low associated confidence,
would make it possible to specify the locations where the investigation must be reinforced. The ultimate goal
is to obtain a more robust and cost-effective diagnosis of the investigated structure, more targeted for
geotechnical investigation. This methodology has particularly shown its ability to correctly characterize
interfaces, which corresponds to areas where the risk of instability is potentially the greatest. For a levee
embankment issue, for example, the results from such a methodology could come to feed into models of
breakage risks (ex: CARDigues [35]).

VII. Conclusion

In this work, a new methodology has been presented, based on belief functions to take benefit and to combine
two different and complementary kinds of information: geophysical and geotechnical. Each one having its
own spatial distribution and related uncertainties and inaccuracies. A new representation of the information
has been proposed, taking into consideration two different investigation methods, associated with degrees of
belief. This representation is more informative than data superposition of different physical parameters.

In the first place, this new approach has been validated with a synthetic study, simulating data acquired by
ERT and a CPT method, considering a 2D model with two layers and thickness variation. The results were
obtained with different noise ratios applied to the geophysical data and different values of lateral decay
coefficient for the geotechnical information. The most appropriate value to pick up for the coefficient has
been pointed out and it has been showed that this approach was able to manage the noise ratio, thanks to the
use of Wasserstein distances.

In order to address the problem of combining information acquired by geophysical and geotechnical methods
during investigation campaigns, and to acquire values from real devices, a test bench composed of plaster and
saturated sands was set up. The methods used to characterize such a physical model were the ERT method
(geophysical) and the laboratory penetration cone method (geotechnical). While the data has been acquired
by a dedicated small scale ERT device, on the surface and on the central line of the complete model, borehole
were simulated respecting the penetration depth ranges previously established.

Fusion results were proposed following 2 combination rules (Smets and PCR6) as well as for four different
simulations of number and positions of boreholes. The results highlighted the ability of this fusion approach
to correctly characterize the test bench materials as well as to specify the positions of the interfaces (vertical
and horizontal) between the materials. Moreover, for each result, thanks to a graphical representation, the
associated confidence is proposed.

Further research should include cases of material mixtures and cases of different materials sharing common
ranges of physical properties in order to test the ability of this methodology to differentiate them. We also
wish to test this new methodology in real investigation campaigns in order to improve the available
knowledge and strengthen the characterization. The level of confidence associated with the proposed results
may be very relevant for decision support (eg models of failure hazards). The results of such a methodology
should make it possible to propose the most relevant borehole positions (that are a function of conflictual and
anomalous areas), in order to make the quality of the information more cost-effective.
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