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Abstract

This study explores an alternative to the classical use of direct methods, as
water content and dry density measurements, for compaction quality control.
For this purpose, the dielectric properties of lateritic materials are determined
by radar method and are compared with the permittivity determined from
the Topp formula and from the CRIM model. This approach allowed to es-
tablish a relationship between the geotechnical properties determined during
compaction such as dry density, water content or porosity with dielectric
permittivity. The obtained results made it possible to determine an optimum
dielectric permittivity corresponding to the optimum dry density and the op-
timum water content that could be used for non-destructive in situ compac-
tion testing. Such an approach should improve the implementation and effec-
tiveness of 7n situ compaction quality control of geotechnical infrastructures.
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1. Introduction

The context of rarefaction of high-quality building materials and the concern to
reduce the costs of geotechnical infrastructure are constraints on the critical dis-
tances of search for laterites used as borrow materials in Senegal [1]. As a result,
materials available within the optimum radius for use in road, dyke or embank-
ment construction may require stabilization or improvement [2]. Compaction to

improve their mechanical properties is almost always necessary [3]. To ensure
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proper in situ implementation and to check compliance between parameters de-
termined from laboratory measurements and on-site implementation, compac-
tion parameters must be controlled using different quality control procedures.
There are several approaches to measuring in situ compaction. The available
methods include the sand cone test, the membrane densitometer test or the
gamma densimeter [4]. However, most common methods, such as the mem-
brane densitometer, the compacted sand method, in addition to being tedious to
implement, use an invasive and destructive process. Another major difficulty
rises from the spatial limitation of the obtained results, which do not allow to
account for heterogeneity in the implementation of materials [5]. The difficulties
and limitations encountered in the use of direct methods for in situ compaction
quality control have motivated our investigations of the possibility of using in-
direct methods, such as the geophysical radar method in compaction quality
control. The radar provides information on the dielectric properties of materials
(6].

Several studies have established relationships between dielectric and geotech-
nical properties ([7]-[12]). Also, unlike in situ compaction assessment direct
methods, the dielectric properties of materials are easy and quick to determine
([13] [14] [15]). As a result, the measurement of in situ dielectric properties
should make it possible to deduce compaction parameters in order to facilitate
and optimize quality control.

The purpose of this study is to search, in the context of laterite materials
commonly used in construction, to determine the existing relationship between
the dielectric properties measured by radar method and the electrical properties
calculated from the compaction parameters. Establishing such a relationship is
of high importance to improve the implementation and effectiveness of in situ

compaction quality control of geotechnical infrastructures.

2. Material and Method

On laterite soil samples from the quarry of Diack, in the region of Thies in Se-
negal, we studied the variation of dry density p, as a function of the mass wa-
ter content w. To proceed, the material is compacted at different water contents,
in accordance with the modified Proctor test NF P 94-093 [16].
First, the mass water content wis determined by the relation:
m, —m,

wW=——->= (1)
m

S
With m, the mass of the wet sample and mg the mass of the dried sam-

ple.
The dried density p, is determined, taking into account the actual volume

of the used mold with the relation:

- P 4100 2
P4 =100+ w @

with p, the wet density of the sample.
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Pn = o with 7, the specific density of the wet material y, and
Yw

7, ~1g/cm® , the specific density of water.

The volumetric water content 6 is given by the relation:

9="Ldy

Pu
with p, the dried density of the sample, p,, the specific density of water et
wthe mass water content.
At each stage of compaction, the porosity ¢ of the material is determined by

the relation:

p=1-21
Ps

At the same time, at each stage of compaction, with a given water content and
dried density, the dielectric permittivity was measured using the Ground Pene-
trating Radar (GPR) method or Radar [17].

The principle of GPR is based on the emission and reception of electromag-
netic waves passing through the investigated material. Waves are sent as im-
pulses in the time domain [18].

The propagation of radar waves in a medium depends on the dielectric prop-
erties, and more on the permittivity of the material. The velocity v of radar

waves through a medium is given by the relation:

V=—— 3)

With ¢=0.3m/ns corresponding to the radar wave velocity through the air.
g, is the relative permittivity of the material and corresponds to the ratio of ef-
fective permittivity ¢, and air permittivity &, taken as reference.

The device used for permittivity measurements by radar method includes a
GSSI SIR 3000 acquisition unit connected to a 1.6 GHz GSSI central frequency
antenna (Figure 1).

Radar data acquisition for permittivity determination was carried out using a
specially designed device (see Figure 2), facilitating the passage of the monos-
tatic radar antenna, mounted on a cart model 319, over the compacted sample
still in the mold.

The determination of the permittivity of laterite soil samples by the GPR
method is based on the two-way travel time method [19]. In our case, this me-
thod consists of pointing the travel time of the radar wave, between the top
and the base of the mold, clearly visible on the radar profile and marked by
reflections due to the permittivity contrast between the air and the surface of
the sample on the one hand, and between the base of the sample and the mold
support on the other hand. From the travel time, the speed v of the radar sig-

nal is written.
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Figure 2. Data acquisition device, showing the laterite soil sample in the Proctor mold
and the 1.6 GHz antenna.

V=T (4)

t is the two-way travel time, and d is the length of the wave ray inside the
mold. In our conditions, d =12.5cm.

If we pose equations 3 = 4, we can deduce the relative permittivity &, with

ct
= = 5
‘ [2 d} )
The picking of radar signal travel time inside the sample was performed on

each profile under Reflex2DQuick software [20].
In order to determine the experimental dielectric properties from the compac-

the relation:

tion data for comparison with the permittivity obtained by radar measurements,
we used the Topp law [9] and the Lichteneker-Rother model [7].
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Topp’s law is an empirical law linking volumetric water to relative permittivi-
ty &, . It was derived from the correlation of water content measurements and

dielectric constants on various laboratory samples [9]. Topp’s law states that:

&, =3.03+9.30+1460° - 76.76° (6)

&, is the relative permittivity and 6 is the volumetric water content.

"
Topp’s law is valid for frequencies ranging from 10 MHz to 1 GHz and water
contents from 5% to 17% [21]. However, it is inappropriate for clayey and or-
ganic matter rich soils. At higher frequencies and near-water saturation (40%),
Topp’s law may overestimate relative permittivity [22].
Other authors ([10] [23]) have suggested empirical relationships that also al-
low volumetric water content to be recovered from relative permittivity. They

are expressed as follows:

6 =0.00701+0.0347¢, —11.6x10™* £2 +18x107° &3 7)
0 =-0.0725+0.0367¢, —12.3x10*£? +15x10° &3 (8)

The Lichteneker-Rother model also referred to as Complex Refractive Index
Model—CRIM [7] is a volumetric model in which the material is considered as a
medium consisting essentially of solid grains of the same nature, voids and wa-
ter. The CRIM model is valid for medium with low salinity and low dielectric

loss. It allows to connect the permittivity to the porosity and the water content

by the relation:
Ve, =04z, +(#-0)+(1-9) e, (9)
0 is volumetric water content @=2%w and ¢ 1is the porosity. We con-
Pu

sider the relative permittivity of water &, =80.1.

As stated by Knoll [24] and Robinson et al, [25], we can assume for the solid
particles fraction of the sample a permittivity &, =5

The main steps of the approach used in this study, including the compaction
of the laterite soil material, the determination of the compaction parameters, the
determination of the relative permittivity using both empirical and physical laws

and by the radar method, are summarized in the diagram below (Figure 3).

3. Results and Discussion

The compaction parameters, determined during the modified Proctor test,
namely the mass water content w; the wet density p, , the dried density p, , the
volumetric water content € and the porosity ¢, are shown in the table below
(Table 1).

The Proctor curve, corresponding to the variation of the dried density as a
function of the mass water content, is shown in Figure 4 below.

The Proctor curve (Figure 4) shows that the optimum water content W,
and the optimum dried density y,, are respectively 16.8% and 1.83 g/cm’.

Figure 5 shows the radar facies corresponding to the tested sample and the
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Lateritic soil
sample

Compaction Permittivity € ,,
Proctor Test GPR using Two
(NF P 94-093) way travel time
Water content
Dry density Compaction
Porosity, etc. calibration from
permittivity
Permittivity & ot I
(Topp and CRIM
models)

Figure 3. Flow diagram of the steps of the experimental approach of this study.

Table 1. Evolution of compaction parameters during the modified Proctor test.

w (%) oy (glem®)  p, (g/em?) 6 ¢

14.71 2.04 1.78 0.262 0.321
16.25 2.10 1.80 0.292 0.313
16.97 2.14 1.83 0.310 0.301
19.3 2.11 1.77 0.342 0.324

Lateritic sample modified Proctor test

1.84
1.83 | 1.83 [«
1.82

v \
1.81

16.8% |\
1.80 \

/

1.79
1.78 0’/ \

1.77 ¥

1.76

Dry density (g/cm3)

13 14 15 16 17 18 19 20
Massic water content w (%)

Figure 4. Proctor curve of the laterite soil sample.

limits of the mold. In the following steps, only the part of the profile around the
mold is shown. The radar profiles obtained at each stage of compaction for each
water content and corresponding dried density are shown in Figure 6.

The dielectric permittivity’s determined from the Topp law, the CRIM model

and the radar method are summarized in the table below (Table 2).
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Figure 5. Overview of a radar profile showing the radar facies corresponding to the tested sample and the limits of
the mold (see annotations).
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Figure 6. Radar profiles obtained at the various stages of the compaction.
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Table 2. Summary of the obtained relative dielectric permittivity (dimensionless). &, is
the permittivity from Topp law, &, is the permittivity from CRIM law and &, is the

permittivity determined from radar method.

w (%) 14.71 16.25 16.97 19.3

p, (g/cm?) 2.04 2.1 2.14 2.11
p, (g/lcm?) 1.78 1.8 1.83 1.77
6 0.262 0.292 0.31 0.342

¢ 0.321 0.313 0.301 0.324

& 14.10 16.32 17.70 20.18

& 15.37 17.43 18.77 20.71

&, opm 10.42 11.86 13.39 14.84

Several correlations were performed to understand the relationship between the
various parameters determined during compaction (Table 1) and the obtained
relative permittivity (Table 2).

In a first step, we correlated the density and mass water contents with the dif-
ferent permittivities (Figure 7). In a second step, wet and dried densities were
correlated with permittivities (Figure 8). Finally, the porosity is correlated with
the permittivities (Figure 9).

The correlation between permittivity and water content (Figure 7) shows that
the permittivity of the sample increases linearly with the water content. This in-
crease is valid for all three types of permittivity. The correlation coefficients are
between 95% and 97% for the mass water content, and between 98% and 99% for
the volumetric water content with a 99% confidence interval verified for a num-
ber of samples n = 4.

The linearity of the relation can be explained by the fact that, when the water
content increases, the air previously contained in the voids of the material is
gradually replaced by water. Thus, the permittivity of the material evolves to-
wards the permittivity of the water which corresponds to the maximum permit-
tivity (¢, >80 ). Moreover, in the presence of water, the polarization capacity
of the medium increases due to the polarity of the water molecules, resulting in di-
electric loss [26]. The better correlation with the volumetric water content com-
pared to the mass water content is due to the fact that, the mass water content only
takes into account the free water that can be removed by drying in the oven [27].

The correlation of permittivity with density (Figure 8) gives a bell-shaped
curve. At low relative permittivity, the density increases with the permittivity until
we reach the optimal density y,,, . Beyond, the density decreases with the per-
mittivity. This curve allows us to determine the permittivity at the optimum which
is respectively 13.39, 17.77 et 18.77f0r &0py 5 €ropM 1y, AN Erpmt gy -

Even if the optimum permittivity varies according to the method of determi-

nation, the shape of the curve remains substantially the same, with a left or right
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Figure 7. Correlation between the permittivity obtained by different methods (Topp formula, CRIM model and GPR) with the
mass water content and volumetric water content.
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Figure 8. Correlation between the permittivity obtained by different methods (Topp formula, CRIM model and GPR) with the
wet density and the dried density.
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Figure 9. Correlation between the permittivity obtained by different methods (Topp
formula, CRIM model and GPR) with the porosity.
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offset. Also, the shape of the permittivity/density curve, identical to that of the
Proctor curve (dry density as a function of mass water content) means that, like
the water content, permittivity could indeed serve as an indicator of compaction.
This is substantiated by the linear correlation between permittivity and water
content (see Figure 7).

The correlation of the porosity with the permittivity (Figure 9) shows an in-
verted bell-shaped curve, with a minimal porosity corresponding to the optimal
permittivity. The decrease in porosity at the optimum is related to grain tigh-
tening. Beyond the optimum, the increase in porosity can be explained by the
cracking and breaking of grains related to compaction energy ([28] [29]).

The various correlations show that, even if the value of the permittivity varies
from one determination method to another, the shape of the curve remains un-
changed. The maximum permittivities are obtained with the CRIM model, fol-
lowed by the Topp law and the GPR method.

These differences in permittivity are explained by the fact that, these different
methods evaluate permittivity by focusing on different parameters. The very
high values observed with the CRIM model could be explained by the fact that
this model considers the sample as a composite material with a solid fraction
consisting of the grains, a liquid fraction consisting of water and a gaseous frac-
tion filling the voids of the medium. It considers that the solid phase consists of
grains of the same mineralogic nature, which is not the case for laterite. Indeed,
many studies have shown that, apart from the iron oxide rich gravelly, laterite
may contain a more or less large clay fraction or other weathering minerals or
parent rock residues [30].

The permittivity obtained from Topp model could have been influenced by
the frequency of the antenna, which is 1.6 GHz while the model was established
from measurements with a frequency band of 10 MHz to 1 GHz. This confirms
the decrease in permittivity with the decreasing frequency suggested by several
authors ([31] [32] [33]). In addition, the metallic walls of the Proctor mold may
cause interference due to the total reflection of radar waves on metallic objects
[34].

Nevertheless, despite the lower permittivities obtained by GPR measurements
compared to the those obtained from the Topp formula and the CRIM model,
the similar shape of the curves ensures the reproducibility of the permittivity/
compaction properties relation. In addition, the curves show that the optimal
permittivity can be used to identify the optimum dry density, corresponding to
an optimum water content and an optimum porosity.

By regression, it is possible to establish the law linking the permeability, meas-
ured by GPR method to the dry density.

The relationship between permittivity and dry density is expressed as:

py =—0.0051¢’ +0.1826£7 —2.1663¢, +10.256

4. Conclusions

The study of the relationship between the dielectric permittivity according to the
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Topp formula, the CRIM model and the geophysical radar method made it
possible to understand its relationship with the compaction parameters. Due to
the good correlation between water content and permittivity, the trend of the
compaction curve can be reproduced by the curve of the dry density variation as
a function of the permittivity, which makes it possible to determine a permittiv-
ity at the optimum Proctor.

Even if the value of the permittivity changes depending on the method of de-
termination, the fact remains that, for the different methods, it remains possible
to determine the optimal permittivity linked to the optimal density.

The resemblance of the gaits allows seeing the correspondence between the
permittivity and the optimal dry density used in the quality control of compaction.

During the in-situ quality control of compaction, investigations using radar
method should make it possible to evaluate the optimal permittivity as a proxy
for monitoring the optimal compaction.

In order to generalize the use of this procedure in the compaction quality
control, it should be necessary to carry out a parametric study on various laterite
samples at various frequencies with various water content. It should also be ne-
cessary to tighten the water content steps to improve the accuracy on the Proctor

curve and its equivalence with the Proctor curve from GPR method.
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