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Abstract

This work studies the variability of the relationship between relative permit-
tivity and compaction parameters as a function of certain geotechnical prop-
erties for different laterite types. This study allows to purpose the dielectric
permittivity as a third compaction parameter allowing to obtain a non de-
structive control méthod. Preliminary studies on Diack laterite had shown a
good correlation. Additional investigations are carried out to verify the possi-
bility of generalizing this correlation to three new laterite careers: Ngoudiane,
Yéba and Fandene. To proceed, particle size analysis, Atterberg limits, specif-
ic weight tests and compaction according to the modified Proctor test were
performed on laterite samples. Using the radar method, experimental permit-
tivities are determined for laterite samples by the point method of propaga-
tion times and confirmed by the diffraction hyperbole method. The geotech-
nical and radar data obtained allowed correlations between permittivity and
water content on the one hand and between permittivity and dry density on
the other. The results show that the maximum dry density as a function of
permittivity corresponds with the optimum Proctor, which confirms the re-
sults previously obtained on Diack laterite.

Keywords

Radar, Laterite, Moisture Content, Dry Density, Permittivity, Geotechnical
Properties

1. Introduction

Nowadays, we are witnessing more and more the premature degradation of the

pavements raising questions about the quality of the materials used and their
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modes of execution. One of the most popular materials in Senegal is laterite,
which is characterized by high heterogeneity, variability in texture and grain size,
sometimes in the same deposit [1]. This variability makes it difficult to strictly
control in situ compaction by conventional processes.

Ndiaye et al 2023 [2], suggested a control of in situ compaction of laterites by
radar method by proposing a relative permittivity relationship—water content
and relative permittivity—dry density. This relationship seeks to identify the op-
timal compaction parameters from an optimal permittivity. This approach was
to allow indirect control of the compaction quality by the Ground Penetrating
Radar (GPR) method [2].

Indirect method control of compaction not only saves time but is also a non-
destructive means of quality control over large areas of compaction quality. In
order to study the domain of validity of the permittivity relationship and com-
paction parameters in the case of laterites that constitute heterogeneous materi-
als, we will study three additional laterite samples in order to be built on the ef-
fect of geotechnical parameter variability. Thus, we will proceed to a parametric
study from different types of laterites.

Several relationships developed in the literature establishing a relationship
between for example the water content by volume and the permittivity as the
case of the formula of Topp [3] and the relation of CRIM [4] which are valid
only for soils of uniform granulometry, which is not the case for most laterites.

The objective of this work is to study, from additional laterite data, the usabil-
ity of dielectric permittivity in the quality control of laterite compaction. In other
words, this study will make it possible to establish the variability in the determi-
nation of the optimum proctor during a situ control from the permittivity values

determined by radar method.

2. Material and Method

This work combines an experimental study on samples with a numerical simula-
tion to anticipate the nature of the expected results. The steps in our process can
be summarized as follows:

e Step 1: conducting laboratory geotechnical tests;

e Step 2: Dielectric characterization of samples by radar method;

¢ Numerical simulation of the radar response on samples investigate to con-
firm results and facilitate interpretation.

The laterite samples used in this study come from three quarries in the Thiés
region of Senegal: the quarry of Fandéne, Yéba and Ngoundiane. Laterites were
characterized in the laboratory by particle size analysis [5], Atterberg limits [6],
specific weight [7] before compaction according to the modified Proctor test [8].

Laterite permittivities were determined in the laboratory by radar method. In
the radar method, an electromagnetic pulse is sent into the structure examined
via a transmitting antenna at a determined central frequency. This impulse is
propagated by attenuating in the materials. At each interface of different dielec-

tric properties, part of the energy is reflected back to the surface and recorded by
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the receiving antenna. The result is a profile or radargram [9] represented with a
color scale correlated to the amplitudes of the signals and giving geometric in-
formation on the auscultated structure.

The propagation of radar waves in a field is governed by the Maxwell equa-
tions [10]. The average speed of propagation of radar waves in a geological en-

vironment is written:
3x10°
V=
\ &y

where ¢, is the relative permittivity of the medium.

(1

The dielectric permittivity of a material reflects its ability to be polarized un-
der the influence of an electric field, which causes the relative displacement of
positive and negative related charges [11].

The radar measuring device used is the GSSI Structure Scan comprising a SIR
3000 acquisition unit [12] connected to a 1.6 GHz center frequency GSSI anten-
na mounted on a 619 trolley.

The equipment also includes a measuring table with a circular opening allow-
ing the trolley to contact the CBR mould (Figure 1).

Figure 1. Acquisition of radar data on laterite samples.

Dielectric permittivity is determined using two methods:

e Arrival Time Point Method [13] which consists of locating the t1 time cor-
responding to the air-ground interface and the t2 time corresponding to the
material interface—spacer disk.

¢ Diffraction hyperbole method [14] which consists in creating a detectable
contrast between the interfaces of the materials; which is materialized by the
appearance of diffraction hyperboles whose outer curvature corresponds to
the velocity of the upper layer which increases with the radius of curvature
[15]. To do this, we have, during the Proctor test, intercalated the mold, 5.5
cm from the surface, a cylindrical tube 6 cm long and 2 cm in diameter
(Figure 2). The tube and arranged in the axis of the release screws so that the
passage of the trolley is made perpendicular to the metal tube (Figure 2).
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Figure 2. Proctor test with cylindrical bar.

In order to facilitate the identification of facies present in the radargram, we
performed a numerical simulation of the propagation of radar waves in a Proc-
tor mold containing materials under different conditions. The different scenari-

os were simulated using GprMax 2D software [16] (Table 1).

Table 1. Simulated scenarios.

Scenario Material
1 Cylindrical mold + dry laterit
2 Cylindrical mold + saturated laterit
3 Cylindrical mold + dry laterit + inclusion metal cylinder at mid-height

'

Cylindrical mold + saturated laterit + inclusion metal cylinder at mid-height

For the different modeling scenarios, we considered a cylindrical modified
Proctor mold with diameter 15.7 cm and height 12.6 cm. The mold is filled with
dry laterite of properties: w = 8%, & =3, 4, =1, 0=0.001. In the case of sat-
urated laterite, the properties considered are w = 31%, &,= 30, =1 H/m, o=
0.1S/m. (w is moisture content, 4, is magnetic permeability, o represents the
electrical conductivity).

In laterite sample, an inclusion of cylindrical metal tube of length 7 cm and
diameters 3 cm allows to generate a hyperbola used in the determination of
permittivity.

The model geometry and radar signal simulation parameters are shown in the
following table (Table 2):

Table 2. Model geometry and radar signal simulation parameters.

Ax=Ay= Al(mm) 2
At (ns) 2.364 x 107
Iteration numbers 120
Emetter position (x, y) (m) (0.04; 0)
Receiver position (x, y) (m) (0.05;0)
Frequency of antenna (MHz) 1600
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Simulations were performed for each model with the generation of 120 radar

tracks or A-Scan [17]. The 120 A-scans were compiled to generate a B-Scan [18].

3. Results and Discussions

3.1. Geotechnical Characterization

The results of the specific weight test are shown in Table 3.
The results of the Atterberg Limits test are shown in Table 4.
The results of the particle size analysis [16] are shown in Figure 3.

Table 3. Specific weight test.

Weight Yéba Ngoundiane Fandene
Pycnometer N* A B A B
Pycnometer: P1 109.28 123.18 100.06 123.06

Pycnometer +
. 159.28 173.18 150.06 173.06
material: P2
Pycnometer +
. 388.4 401.84 380.83 400.39
material + eau P3
Pycnometer +
958.55 371.84 348.65 371.74
water: P4
Specific weight 2.49 2.81 2.34

Table 4. Summary of atterberg boundary results.

Liquidity limit (WL) Plasticity limit (WP) Plasticity Index (IP)

Ngoundiane 42.4 21.85 20.7
Yéba 42.5 14 28.8
Fandene 44.8 23.86 20.9

PARTICLE SIZE
—4—Yéba ——Ngoundiane

GRAVEL | LATERITE SILT | 100

90
80
70
60
50

o |
-

o
=)
PASSINGS (%)

— 20
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" PARTICLE SIZE (mm)

Figure 3. Particle size distribution of the three laterites.
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The results of the Proctor trial are shown in Figure 4.
For each dry density, and specific density, the porosities ¢ were determined
(Table 5).

2.30
2.20
2.10
2.00
1.90
1.80

Dry desnity

1.70
=== Ngoundiane

1.60 === Fandene

=== Yéba
1.50

6.00% 8.00% 10.00%  12.00%  14.00%  16.00%

Moisture content

Figure 4. Proctor curves of the three laterite samples.

Table 5. Porosities of different laterites.

Site pd Ps ¢ ¢ma}/
2.09 0.16
Yéba 2.14 0.14 0.15
2.49
2.08 0.16
1.7 0.27
1.97 0.16
Ngoundiane 0.22
1.99 2.34 0.15
1.69 0.28
2.09 0.11
2.14 0.09
Fandene 0.11
2.08 534 0.11
2.08 0.11

3.2. Results of Simulations under GPRrmax

The no-inclusion scenario (Figure 5) was performed to show the influence of
edge effects. At the end of the simulation, the profile obtained shows that the
edge effect is not significant in the results of the appearance of reflections.

The air being a homogeneous isotropic medium, when a radar wave propa-
gates in the latter, it encounters no change in the dielectric parameters (Figure
6). The homogeneity of this medium causes the wave to propagate without re-

flection to the air/laterite interface.
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Figure 5. Scenario 1: Without metal inclusion.
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Figure 6. Scenario 2: Saturated laterite without metal inclusion.

The appearance of the first positive reflections marks the penetration of the
wave into the material from the air/laterite interface. In this model, the walls of
the mold are well identified and that inside soft reflections are noted showing a
material without major contrast.

In this dry soil model with inclusion (Figure 7), we note the appearance of a
diffraction hyperbole corresponding to the radar signature.

Scenario of Figure 8 shows that at the wet laterite/metal inclusion interface,
the radar wave is reflected by forming a diffraction hyperbole. The shape of the
hyperbola is more pronounced than in the case of dry laterite. To this is added
the presence of the two outer edges of the Proctor mold which are visible only in
the case of saturated laterite. Indeed, the high reflection amplitudes in saturated
laterite contrast with the amplitudes in total reflection observed at the walls of
the mold.

The speed of the radar wave in wet laterite is low because the relative permit-
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tivity is high. The decrease in speed is due to the attenuating effect of water in
saturated laterite.
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Figure 7. Scenario 3: Dry laterite with metal inclusion.
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Figure 8. Scenario 4: saturated laterite with metal inclusion.

3.3. Results of Experimental Radar Measurements

The results of the three radar profiles obtained on mussels with optimal water
content are presented in Figures 9-11.

In order to better exploit and synthesize the results, the data obtained with the
modified Proctor test and the permittivities obtained by radar method are sum-
marized in Table 6.

The difference between the permittivities obtained by the arrival time point
method and those with the diffraction hyperbole method can be explained by the
fact that in some cases, the hyperboles were not clear on the profile (Figure 11).

This may be due to a risk of slight displacement of the cylindrical tube during
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Figure 9. Radargram obtained at the optimal water content on the laterite of the Yeba site.
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Figure 11. Radargram obtained at the optimal water content on the laterite of the Fandene

site.

compaction. Therefore, the values found with the arrival time point method are
assumed to be more reliable.

To study the permittivity/water content/dry density relationship, we super-
imposed the radar data and the compaction data.

We find that for water content values between 8% and 9.5%, the dry density
increases considerably while the permittivity is almost static.

Indeed, Ngoundiane laterite has significant porosity values, which makes
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Table 6. Summary of permittivities calculation results.

Parameters

Sites " a)(%) py (g/em?) g, (point) & (hyperbola)
8.94% 2.09 8.95 12.46
Yéba 13.95% 2.14 12.78 14.06
14.81% 2.08 9.09 11.11
6.39% 1.96 7.47 6.81
9.54% 1.99 10.78 9.97
Fandene
10.51% 2 11.36 11.11
13.19% 1.83 10.17 9.97
7.94% 1.7 9.00 9.72
9.47% 1.97 11.11 9.92
Ngoundiane
11.14% 1.99 12.46 11.73
11.65% 1.69 9.00 8.72
Ngoundiane
12.00 2.2
11.50  —o— Moisture content 21
11.00 Dry density 2 i
10.50 )
- 19 2
=10.00 UDJ
E o— 18
= 950 >
w 9
8.50 1.6
8.00 1.5

6.00% 7.00% 8.00% 9.00% 10.00% 11.00%  12.00%

MOISTURE CONTENT

Figure 12. Relationship moisture content-permittivity-dry density of Ngoundiane laterite.

compaction easily increases dry density; but since there is a large volume of air
with low water content, the permittivity always keeps low values close to the air
permittivity. And when the water content becomes important, the air is expelled
and replaced by water, which leads to a notorious evolution of permittivity.

On the other hand, in the wet branch there is a sharp drop in permittivity and
dry density. Indeed, in addition to the action of the attenuation of the radar sig-
nal, we have assumed a possible return of the air since this very porous material
remains under saturated, and that overcompaction has the effect of destabilizing
the tightening.

While the dry density evolves very slowly in the dry branch due to a low po-
rosity of this material, the permittivity increases considerably until optimum
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since the sample does not contain much air.
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Figure 13. Relationship moisture content—permittivity-dry density of Fandene laterite.

Indeed, when the porosity of the material is low and the water content is not
negligible, then the volume of air is very limited, which means that compaction
has a lesser effect on material density while permittivity can change rapidly since
the material has good moisture.

Beyond the optimum Proctor, dry density and permittivity are experiencing
the same decline. This decrease in permittivity is due to the attenuation of the

radar signal.

Yéba
—(O=—Moisture content
14.00 Dry density )3
13.00
> 12.00 2:25
=
=11.00 2.2
510.00
&5 9.00 2.15
w b
8.00
~ 2.1
7.00 -
6.00 2.05
6.00% 8.00% 10.00% 12.00% 14.00% 16.00%
MOISTURE CONTENT

Figure 14. Relationship moisture content—permittivity-dry density of Yeba laterite.

We find that the permittivity increases with the same rate as the dry density in
the wet branch and reaches its peak at the optimum Proctor.
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This can be explained by the increase in water content but also by the decrease
of the air fraction in the material due to compaction, both contributing to in-
crease the relative permittivity of the material.

In the wet branch, there is an instantaneous decrease in dry density and per-
mittivity due to the fact that at the optimum point, the soil with its very high
clay content has reached its plastic limit (WL = 14%). Given that the radar signal
is difficult to propagate in clays and the limited plasticity, the possibility for free
water to polarize to create currents of displacement, hence the reasons for this
decrease.

In synthesis, in the dry branch, we have a simultaneous increase in dry density
and permittivity (Figures 12-14). This is due to the fact that in this part, the
volume of the voids is much larger, so the compaction helps to tighten the grains
together resulting in an increase in dry density. At the same time, the reduction
of the air volume associated with the gradual increase of the water content leads
to an increase of the relative permittivity until the Proctor optimum.

Beyond the optimum, there is a decrease in dry density and permittivity.

This drop in permittivity can be explained by the fact that the water content is
very high in this part; which promotes a strong presence of conduction currents,
so we tend to obtain a strong attenuation of the signal; which is verifiable on

some high water content radargrams by a progressive loss of signal (Figure 9).

Given that « :1.69% , an increase in water content results in an increase

gr

in conductivity which results in an increase in the attenuation of the radar sig-

nal. This results in a decrease in permittivity.

The general appearance of permittivity increases and decreases with compac-
tion, however each type of laterite may have small variations of the general ap-
pearance depending on its geotechnical properties

In summary, the overlap between laterites of the three quarries shows that:

e The increase in permittivity is a function of the increase in water content,
porosity but also dry density (Figure 9).

e The homogeneous character contributes to the decrease of the permittivity
because when there are less granular classes, the material is less polarizable.
This is the case of Ngoundiane laterite

o The strong presence of coarse particles has an effect on the slow evolution of
relative permittivity because it favors the presence of air. This is the case of
Fandene laterite.

e A strong presence of fine particles corresponding to clay particles has an ef-
fect on the increase of permittivity since clay has higher permittivity values
than other minerals (Table 1). This is the case of Yeba’s laterite.

It also appears that the more the plasticity index Ip of the soil increases the
more permittivity increases. Indeed, soils that have important plasticity domains
are soils that have the ability to absorb a large amount of water without a large
modification, so their polarizability is limited; which makes them have a lower

permittivity.
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Since the maximum dry density coincides with the maximum permittivity for
all laterites tested, it is possible to predict the maximum dry density value of
these laterites from a radar test. These results may also allow us to have a third

compaction parameter in the technical specifications.

4. Conclusions

This study allowed to study the variability of the relationship between relative

permittivity and compaction parameters as a function of geotechnical properties

and to establish the conditions and limits of the use of dielectric permittivity in
quality of laterite compaction.

The permittivities of the compacted laterites were determined from a radar
test using waves whose nature of propagation was determined after a simulation
on a mold under different conditions. The analysis of permittivity results from
the specific geotechnical characteristics of each laterite led to the following con-
clusions:

o the coarse-grained laterites have more limited permittivity values.

e Laterits with a higher plasticity index have higher permittivities.

e Proctor test results superimposed on permittivity results showed that permit-
tivity increases proportionally with water content to the maximum density
point from which it decreases inversely.

e For high porosity laterites, dry density changes faster than permittivity, un-
like low porosity laterites where permittivity changes faster than dry density.
In short, the variation of permittivity depended not only on water content and
dry density but also on certain geotechnical properties such as granulometry,
porosity and plasticity index.

These results predict the maximum dry density and optimum water content of
laterite from a radar test and thus add permittivity as a third control parame-
ter—laterite layer quality.

It would be interesting to test this study on other materials such as cement
soils, sands or clays. It would also be possible to confirm these results on an al-

ready compacted laterite layer.
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