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Abstract

This paper presents a geotechnical study whose objective is to determine the
lithology of the soil of Balterdi village (Matam, Senegal). A bridge-type struc-
ture with six supports is to be built on the studied site. The drilling program
consisted of six core drillings (SC) each 30 m deep with sampling and six de-
structive drillings with pressuremeter tests (SP) every 1.5 m up to 30 m deep.
A pair of core and pressuremeter tests was carried out under each support.
From the results of the core drill holes and the geological model of the site, it
can be seen that the lithology of the soil along the structure consists essen-
tially of soft clay layers, becoming firm at depth over the first 18 m on average
(with some incursions of sandy layers) resting on medium to compacted sand
up to 30 m. Brown clayey fill is also present between piers P3 and P5. The
presence of a watercourse along the structure is noted. The foundations will
therefore be carried out in the water. The results of the pressuremeter tests
confirm the homogeneity of the soil over the whole area. Indeed, the values
obtained are almost similar for all the tests. According to the limit pressures
obtained, the clayey-sandy formations encountered along the structure are
respectively soft to firm and moderately compact to compact. Their limit
pressures are high enough to allow good bearing capacities.
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1. Introduction

In the geosciences group, geotechnical engineering is the technoscience dedi-
cated to the practical study of the earth’s subsurface on which our direct action is
possible for its development and/or exploitation, Building and Public Works
operations, groundwater management and natural risk prevention. It is therefore
an essential discipline for all civil engineering structure designs. Concretely speak-
ing, this science studies the feasibility of construction projects by looking for
possible mechanical constraints on the site where the work is to be carried out.

The geotechnical study proves to be very complex and consists in identifying on

a given site the risks of natural phenomena or those, which may be induced by

the works in order to draw the necessary conclusions concerning the project to

be carried out and to guard against adequate solutions to avoid disastrous con-
sequences. Study of the mechanical behaviour of materials used in public works
in general has been of interest to the scientific community for a very long time.

The case of materials studied in geotechnical engineering is also a branch of

public works that attract a lot of interest. In recent decades, soil has been in-

creasingly studied in order to better understand its behaviour [1]-[32]. A geo-
technical study is based on the following important principles:

e defining if necessary a specific geotechnical investigation programme, carry-
ing it out and exploiting the results;

e detailed study of the geotechnical works: in particular the establishment of a
geotechnical hypothesis note on the basis of the available data;

o definition and dimensioning (supporting calculations) of the geotechnical
structures, methods and conditions of execution (general phasing, monitor-
ing, monitoring and checks to be carried out, threshold values, possible addi-
tional construction measures);

e drawing up the geotechnical execution file for the geotechnical works.

As with any geotechnical experimental campaign, it enables the residual geo-
technical risks to be reduced by the timely implementation of corrective adapta-
tion or optimization measures. The aim of the experimental campaign is the geo-
technical study of soil in the village of Balterdi (Matam region, Senegal). This soil
study is intended to prepare the construction of civil engineering works to be car-
ried out on the site. For this study, the main objective is to determine the geotech-
nical characteristics of the soil at the level of the various supports of a bridge-type
structure. The work presented in this article defines the lithology of the soil under
each support and the mechanical and physical characteristics of the different soil
layers encountered during the soundings carried out. A suitable foundation method
is proposed in the next paper based on the results presented here.

2. Geographical and Geological Overview of the Study Area

The study area is located in the Matam region, which is one of the 14 adminis-
trative regions of Senegal. It is located in the northeast of the country and is bor-

dered by the Saint-Louis region to the north, the Louga region to the west, the
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Kaffrine region to the south-west and the Tambacounda region to the south. To
the East, it borders Mauritania. Matam is referenced by the geodetic coordinates
N015°06'18" and W13°38'30". It is a zone with a Sahelian climate.

The geology of the Matam region can only be understood in the overall con-
text of the Senegalese sedimentary basin, which is a segment of the Senegal-
ese-Mauritanian-Guinean basin of Meso-Cenozoic age. According to the ex-
planatory note of the geological map of Senegal at 1/500,000, north-western,
north-eastern and south-western sheets, the area is covered by terrigenous for-
mations of the Lower to Middle Eocene. These terrigenous deposits belong to
the Gorgol and Matam formations, mainly composed of yellow to reddish ochre
clayey sandstones with clayey beds. Figure 1 illustrates geographical location of

Matam region.

3. Study Methodology

The drilling program consisted of six (06) core drillings (SC) each 30 m deep
with sampling and six (06) destructive drillings with pressuremeter tests (SP)
every 1.5 m up to 30 m deep. A pair of core and pressuremeter tests was carried
out under each support of the planned structure. The following documents were
used to carry out the study: geotechnical studies NF P94-500, core borehole NF
EN ISO 22475-1, Menard pressure gauge NF EN ISO 22476-4, soil classification
according to the road earthworks guide NF P11-300. Voluntary standards are
90% of European or international origin. They can be recognised by their prefix:
ISO for standards drawn up under the aegis of the International Organisation for
Standardisation (where AFNOR represents France), EN for those of the European
Committee for Standardisation (CEN).

Figure 1. Geographical location of Matam, Senegal.
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4. Results of Geotechnical Investigations

4.1. Coordinates and Location of Survey Points

The surveys were implemented in accordance with the right of support of the
work to be carried out at the rate of one survey per support. Their contact details
are listed in Table 1. Figure 2 and Figure 3 illustrate the location of the various
sounding points along the structure based on a projection of the coordinates on
Google Earth Pro 2020.

Figure 2. Geographical location of Balterdi village.
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Figure 3. Layout of boreholes along the length of the structure.
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Table 1. Coordinates of the survey points.

Bridge supports Survey points X Y
Cl1 SC1/C1 665,579.389 1,762,722.864
P2 SC2/P2 665,594.985 1,762,714.494
P3 SC3/P3 665,610.845 1,762,705.981
P4 SC4/P4 665,626.704 1,762,697.468
P5 SC5/P5 665,642.564 1,762,688.955
Cé6 SC6/Cé6 665,658.160 1,762,680.584

C: means edge support of a bridge. P: means intermediate bridge support.

4.2. Cored Survey (SC)

The core borehole allows the soil to be brought up to its natural state without
any alteration. Depending on the tools used (stationary plunger, double, triple,
thin-walled corer, etc.), coring allows samples to be taken which are then pack-
aged and sent to our laboratories for identification and mechanical measure-
ment. Drilling requires the use of a drilling fluid: water, drilling mud, foam, etc.
At the end of the campaign, each borehole is the subject of a results section that
includes the lithology defined from the core box survey by a geologist according
to depth, the level of any water inflows at the beginning, during and at the end of
drilling, the types of tools used and the techniques employed (casing, drilling
mud, etc.), and any drilling anomalies encountered (loss of injection, void, etc.).
The drilling diameter varies from 63 to 250 mm depending on the laboratory
tests to be carried out or equipment to be used. This drilling enables a precise cut
to be made to the centimetre. This drilling takes longer than other types of drill-
ing. The images in Figure 4 show the tests. The image of Figure 5 shows the
samples obtained with the core samples.

In the present work, six (06) core drill holes down to the shoreline —30 m
from the top of the river were carried out on site. The sounding machines were
installed at the various points using a cofferdam that was set up. The boreholes
were drilled using the core drilling method with mud injection. The diameter of
the core drills used for this study was 101 mm and length 1.90 m. The lithologi-
cal sections obtained give the information in Table 2.

Based on the results of the core drillings, a longitudinal section was made to
illustrate the lithology along the length of the structure (Figure 6).

From the results of the core drill holes and the geological model of the site, it
can be seen that the lithology of the soil along the structure consists essentially of
soft clay layers, becoming firm at depth over the first 18 m on average (with some
incursions of sandy layers) resting on medium to compacted sand up to 30 m.
Brown clayey fill is also present between piers P3 and P5. The presence of a wa-
tercourse along the structure is noted. The foundations will therefore be carried

out in the water.
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Figure 5. Images of cored surveys.
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Figure 6. Soil lithology along the length of the structure.
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Table 2. Lithology of the soil studied.

Bridge supports Layer depth (m) Nature
0-3.70 firm brown clay with little plastic
3.70 - 6.20 loose beige sand very silty
C1 6.20 - 9.00 firm brown clay, very plastic
9.00 - 19.80 firm reddish clay, very plastic
19.80-30 fine beige medium compact sand
0-2.50 soft brown clay very plastic
2.50 - 5.50 loose beige silty sand
P2 5.50 - 8.30 firm brown clay, very plastic
8.30-18.70 very firm reddish clay very plastic
18.70 - 30 beige sand very silty medium compact to compact
0-4.50 brown clay fill
4.50 - 6.50 loose beige sand very silty
P3 6.50 - 10.50 firm brown clay, very plastic
10.50 - 18.40 firm reddish clay, very plastic
18.40 - 30 fine beige medium compact sand
0-3.50 brown clay fill
3.50 - 4.90 soft brown silt
4.90 - 6.50 beige sand very silty medium compact
o 6.50-13.5 firm brown clay with little plastic
135-16.5 firm reddish clay with little plasticity
16.5-30 fine beige medium compact sand
0-1.90 brown clay fill
1.90 - 2.50 firm brown silt
P5 2.50 - 8.00 soft brown clay very plastic
8.00 - 18.50 firm reddish clay, very plastic
185-30 beige sand very silty medium compact to compact
0-7.70 firm brown clay with little plastic
Cé6 7.70-16.8 firm reddish clay with little plasticity
16.8 - 30 beige sand very silty medium compact

4.3. Pressuremeter Surveys (SP)

The pressuremeter test is an in situ geotechnical test, the principle of which is to

measure soil deformation and breakage by means of a nitrogen-inflated probe.
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This test is carried out in a preliminary destructive borehole with a maximum
diameter of 64 mm. The parameters measured are the water pressure applied to
the measuring cell of the pressure probe, the air pressure applied to the guard
cells of the probe and the volume of water injected into the probe. The spacing
of the tests varies from 0.8 m to 1.5 m within the same borehole depending on
the type of soil encountered and the precision required. They are the subject of a
graphical restitution, which groups together the destructive sounding section,
and the mechanical values of the tests as a function of depth. Each test is stopped
when the maximum pressure reaches five MPa, or when the volume of the probe
reaches 600 cm’ for a standard probe or 450 cm’ for a pile probe. The images in
Figure 7 show the tests. In this work, the surveys were carried out in accordance
with standard NF EN ISO 22476-4. The destructive drilling was carried out us-
ing a 63 mm diameter toothed tricone. This allows an intact ground without any
particular modification. In addition, due to the clayey nature of the soil, the
toothed tricone is a disaggregating tool that allows easy crossing of the ground.
The pressuremeter readings were taken in 1.50 m increments. This test consists
of a static loading of the soil in place. The method consists of introducing inside
a well-calibrated borehole a radially expandable cylindrical probe connected to a
pressure-volume controller, which allows a quantity of liquid to be injected un-
der a given pressure using compressed gas between the metal core and the deform-
ing membrane.

By applying increasing pressure, a cylindrical stress field is exerted on the
borehole walls. The change in the liquid level in the pressure-volume controller
therefore measures the corresponding deformation field as a function of pres-
sure and time. The results of these tests are used to produce diagrams showing
the deformation modulus (£, of the borehole, the limiting pressures (P) as a
function of depth. The results obtained are recorded in Tables 3-8. The follow-
ing is also mentioned in these tables:

v’ Pf: net limit pressure = P,— o) which characterises the breaking strength of
the soil.

v' the creep pressure (P) which defines the limit between the pseudo-elastic
behaviour and the plastic state the horizontal stress o,

For the six Pressuremeter soundings, statistical processing was carried out
based on all the limit pressure values and Menard modules obtained in order to
better assess the evolution and variation of the mechanical characteristics of the
soil along the site. The results obtained are recorded in Table 9.

The results of the Pressuremeter tests confirm the homogeneity of the soil over
the whole area. Indeed, the values obtained are almost similar for all the tests.
According to the limit pressures obtained, the clayey-sandy formations encoun-
tered along the structure are respectively soft to firm and moderately compact to
compact. Their limit pressures are high enough to allow good bearing capacities.

Figure 8 below shows the evolution of the limit pressures as a function of depth.
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5. Discussions

The various results from the core drilling operations have revealed three distinct

soil horizons:

Figure 7. Images of Pressuremeter surveys.
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Figure 8. Limit pressure variation curves (minimum—maximum-—average).
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Table 3. Summary of the Pressuremeter characteristics obtained with SP1/C1.

Depth (m) P-(MPa) P, (MPa) 0, (MPa) P} (MPa) E,;(MPa) E\/ P,
1.50 0.57 0.83 0.013 0.81 14.3 17.6
3.00 0.59 0.84 0.027 0.81 14.3 17.6
4.50 0.19 0.35 0.040 0.31 44 14.0
6.00 0.15 0.42 0.054 0.37 52 143
7.50 0.99 1.56 0.067 149 14.1 9.4
9.00 131 1.60 0.081 1.52 19.6 129
10.50 1.46 1.86 0.094 1.76 20.1 114
12.00 142 1.67 0.108 1.56 14.6 94
13.50 1.26 2.06 0.121 194 22.7 11.7
15.00 0.66 1.51 0.135 137 153 11.1
16.50 1.37 1.87 0.148 1.72 13.7 8.0
18.00 0.82 1.74 0.162 1.58 12.8 8.1
19.50 0.82 1.85 0.175 1.68 18.7 11.2

21.00 142 2.00 0.189 1.81 16.0 8.8
22.50 1.57 194 0.202 1.74 133 7.6
24.00 1.19 246 0.216 224 14.4 64
25.50 1.87 2.81 0.229 2.58 22.7 8.8
27.00 1.90 2.74 0.243 2.50 23.6 94
28.50 1.67 297 0.256 271 249 9.2
30.00 1.71 3.04 0.270 2.77 24.6 8.9

Table 4. Summary of the Pressuremeter characteristics obtained with SP2/P2.

Depth (m) P:(MPa) P,(MPa) 0, (MPa) P} (MPa) E,;(MPa) E\l P,
1.50 0.09 0.27 0.013 0.26 4.1 15.6
3.00 0.07 0.16 0.027 0.14 3.0 21.7
4.50 0.24 0.32 0.040 0.28 6.2 21.9
6.00 0.30 0.62 0.054 0.57 5.5 9.8
7.50 1.03 1.36 0.067 1.29 18.1 14.0
9.00 1.65 1.85 0.081 1.77 27.2 15.3
10.50 0.91 1.75 0.094 1.65 18.4 11.2
12.00 1.05 2.16 0.108 2.05 38.0 18.5
13.50 1.46 2.66 0.121 2.53 20.2 8.0
15.00 1.05 2.71 0.135 2.58 343 13.3
16.50 1.78 2.85 0.148 2.70 253 9.4
18.00 1.54 3.05 0.162 2.89 254 8.8
19.50 2.29 2.56 0.175 2.39 26.3 11.0

21.00 1.29 2.08 0.189 1.90 21.8 11.5
22.50 1.61 2.57 0.202 2.36 22.2 9.4
24.00 1.14 1.93 0.216 1.71 27.8 16.2
25.50 1.36 2.83 0.229 2.60 31.8 12.2
27.00 1.37 2.25 0.243 2.01 14.5 7.2
28.50 1.41 2.53 0.256 2.27 23.6 10.4
30.00 191 2.68 0.270 2.41 289 12.0
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Table 5. Summary of the Pressuremeter characteristics obtained with SP3/P3.

Depth (m) P-(MPa) P, (MPa) 0, (MPa) P} (MPa) E,;(MPa) E\/ P,
1.50 0.17 0.32 0.013 0.30 1.2 3.8
3.00 0.09 0.17 0.027 0.14 1.5 10.4
4.50 0.13 0.21 0.040 0.17 1.0 5.6
6.00 0.12 0.26 0.054 0.21 1.3 6.1
7.50 0.39 0.75 0.067 0.68 3.8 5.5
9.00 0.19 0.91 0.081 0.83 159 19.2
10.50 0.76 1.04 0.094 0.94 10.2 10.8
12.00 1.18 1.71 0.108 1.60 19.4 12.1
13.50 1.06 1.68 0.121 1.56 16.3 10.5
15.00 1.09 1.30 0.135 1.16 14.0 12.0
16.50 1.24 1.58 0.148 1.43 19.8 13.8
18.00 1.11 1.78 0.162 1.62 15.8 9.7
19.50 1.12 1.49 0.175 1.31 13.4 10.2
21.00 0.97 1.30 0.189 1.11 124 11.2
22.50 1.29 1.75 0.202 1.54 14.1 9.1
24.00 0.74 1.53 0.216 1.31 11.2 8.5
25.50 1.87 2.65 0.229 2.42 36.8 15.2
27.00 1.74 2.44 0.243 2.20 33.2 15.1
28.50 1.77 2.82 0.256 2.56 30.7 12.0
30.00 1.99 2.32 0.270 2.05 37.5 18.3

Table 6. Summary of the Pressuremeter characteristics obtained with SP4/P4.

Depth (m) P-(MPa) P, (MPa) 0, (MPa) P} (MPa) E,,(MPa) E\/ P,
1.50 0.20 0.33 0.013 0.31 6.7 21.5
3.00 0.22 0.34 0.027 0.31 6.6 21.2
4.50 0.36 0.66 0.040 0.62 5.1 8.2
6.00 0.37 0.68 0.054 0.62 5.2 8.3
7.50 0.63 1.07 0.067 1.00 9.8 9.7
9.00 0.70 1.26 0.081 1.18 8.0 6.8
10.50 0.49 1.22 0.094 1.12 11.7 10.4
12.00 0.69 1.17 0.108 1.07 9.4 8.8
13.50 1.06 1.29 0.121 1.17 13.5 11.6
15.00 1.07 1.43 0.135 1.29 12.7 9.8
16.50 1.37 1.59 0.148 1.44 13.1 9.1
18.00 1.26 1.56 0.162 1.40 14.3 10.2
19.50 1.12 1.80 0.175 1.62 15.4 9.5

21.00 1.42 1.82 0.189 1.64 15.8 9.7
22.50 0.87 1.81 0.202 1.61 13.9 8.7
24.00 0.92 1.84 0.216 1.62 12.9 7.9
25.50 1.19 1.92 0.229 1.69 17.2 10.2
27.00 1.73 1.81 0.243 1.57 22.3 14.2
28.50 1.63 1.98 0.256 1.72 14.0 8.1
30.00 1.22 1.83 0.270 1.56 17.6 11.3
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Table 7. Summary of the Pressuremeter characteristics obtained with SP5/P5.

Depth (m) P-(MPa) P, (MPa) 0;,s (MPa) P} (MPa) E,,(MPa) E\/ P,
1.50 0.47 0.80 0.013 0.79 8.6 11.0
3.00 0.70 0.89 0.027 0.86 9.8 114
4.50 0.18 0.40 0.040 0.36 3.1 8.7
6.00 0.40 0.53 0.054 0.48 8.0 16.7
7.50 0.85 1.14 0.067 1.07 17.1 16.0
9.00 0.65 1.20 0.081 1.12 14.3 12.8
10.50 0.63 1.29 0.094 1.20 12.1 10.1
12.00 0.50 1.65 0.108 1.54 17.4 11.3
13.50 0.32 1.10 0.121 0.98 12.8 13.0
15.00 0.69 1.01 0.135 0.88 9.7 11.0
16.50 0.71 1.03 0.148 0.88 9.7 11.0
18.00 0.56 1.71 0.162 1.54 17.4 11.2
19.50 1.02 2.10 0.175 1.92 13.0 6.8
21.00 1.34 2.45 0.189 2.26 27.6 12.3
22.50 1.60 2.67 0.202 2.47 23.1 9.4
24.00 1.86 2.85 0.216 2.63 32.8 12.5
25.50 1.66 2.52 0.229 2.29 23.5 10.2
27.00 1.66 2.58 0.243 2.33 23.0 9.9
28.50 1.65 2.35 0.256 2.09 18.8 9.0
30.00 1.67 2.36 0.270 2.09 18.8 9.0

Table 8. Summary of the Pressuremeter characteristics obtained with SP6/C6.

Depth (m) P:(MPa) P,(MPa) 0, (MPa) P} (MPa) E,;(MPa) E\ P,
1.50 1.43 2.34 0.013 2.32 18.2 7.8
3.00 0.95 1.47 0.027 1.44 14.5 10.0
4.50 0.69 1.54 0.040 1.49 14.5 9.7
6.00 0.98 1.71 0.054 1.65 17.0 10.3
7.50 1.26 1.62 0.067 1.55 12.4 8.0
9.00 1.16 1.47 0.081 1.39 16.8 12.1
10.50 0.60 1.44 0.094 1.35 21.5 16.0
12.00 1.15 1.40 0.108 1.29 10.8 8.4
13.50 0.53 1.40 0.121 1.27 10.1 8.0
15.00 1.05 1.53 0.135 1.40 12.7 9.1
16.50 1.23 1.97 0.148 1.82 14.5 8.0
18.00 0.68 1.82 0.162 1.66 16.0 9.6
19.50 0.49 0.99 0.175 0.82 6.4 7.9

21.00 0.74 0.83 0.189 0.64 9.2 14.4
22.50 0.56 0.80 0.202 0.60 6.7 11.3
24.00 0.50 0.66 0.216 0.44 9.1 20.7
25.50 0.58 1.03 0.229 0.80 6.7 8.4
27.00 0.66 1.03 0.243 0.79 8.2 10.5
28.50 0.85 1.15 0.256 0.89 8.9 9.9
30.00 0.68 1.07 0.270 0.80 7.4 9.2
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Table 9. Mean values of limit pressures and Menard modules.

Limit pressures Menard modules
Depth (m)
Min (MPa) Max (MPa) Avg(MPa) Min (MPa) Max (MPa) Avg (MPa)
1.50 0.27 2.34 0.81 12 182 8.8
3.00 0.16 147 0.65 15 14.5 8.3
4.50 021 1.54 0.58 1.0 14.5 57
6.00 0.26 1.71 0.70 13 17.0 7.0
7.50 0.75 1.62 1.25 3.8 18.1 15
9.00 0.91 1.85 1.38 8.0 27.2 17.0
10.5 1.04 1.86 143 10.2 21.5 15.7
12.0 1.17 2.16 1.63 9.4 38.0 18.3
135 1.10 2.66 1.70 10.1 22.7 16.0
15.0 1.01 271 1.58 9.7 343 16.4
16.5 1.03 2.85 1.81 9.7 253 16.0
18.0 1.56 3.05 1.94 12.8 254 16.9
19.5 0.99 2.56 1.80 6.4 26.3 15.5
21.0 0.83 245 175 9.2 27.6 17.1
225 0.80 2.67 1.92 6.7 23.1 15.6
24.0 0.66 2.85 1.88 9.1 32.8 18.0
255 1.03 2.83 2.29 6.7 36.8 231
27.0 1.03 2.74 2.14 8.2 332 20.8
28.5 1.15 2.97 2.30 8.9 30.7 20.1
30.0 1.07 3.04 2.22 7.4 37.5 22.5

e Brown to reddish clay with little plasticity belonging to class A2 (Fine soils)
according to the NF P11-300 standard. The synthesis of the pressure meas-
urement results found indicates that these soils have a firm consistency.

e Brown to reddish brown clay with high plasticity belong to class A3 (Fine
soils) according to NF P11-300 standard. The synthesis of the Pressuremeter
results found indicates that these soils have a soft to firm consistency.

o Silty beige to very silty sand belonging to class B (sandy and gravelly soil with
fines) according to the NF P11-300 standard. The synthesis of the Pressure-
meter results shows that these formations are of loose to medium compact

consistency.

6. Conclusion and Perspectives

This work allowed the geotechnical characterization and lithology of the soil of
the village of Balterdi. The results are of paramount importance for the civil en-
gineering works to be built on-site. In view of the nature of the planned works
on the site under study, it would be useful if the samples taken from the cores
could be tested and subjected to physical-mechanical analysis in the laboratory.
The next stage of the work therefore consists of physical identification tests, me-
chanical identification tests, chemical analysis tests on soil and chemical analysis

tests on groundwater. These last-mentioned works will be proposed in a later ar-
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ticle.
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