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The soil dielectric constant model reflects the relationship between the
volumetric water content and the dielectric constant. The ground
penetrating radar (GPR) could quickly, precisely and non-destructively obtain
the water state of the soil layers. A reasonable and reliable dielectric constant
model is of great significance for predicting, monitoring and exploring water
migration in soils. Taking Yunnan laterite as an example, this study
comprehensively considered the key physical factors (dry density, water
content, temperature) of the in situ laterite dielectric properties. The
dielectric properties and the influencing factors of laterite has been
discussed with the laboratory tests by reshaping laterite, and the dielectric
constant model was finally proposed to evaluate the natural water state of the
laterite. The results show that the relative dielectric constant of laterite increases
gradually with the increasing volumetric water content, dry density and
temperature respectively. The water content is the most important
influencing factor, secondly followed by temperature and dry density. The
dielectric constant model of laterite was built based on the influence of dry
density and temperature on the relationship between the relative dielectric
constant and volumetric water content. The proposed multivariate model has a
good prediction effect on the water content of laterite, and the prediction
effects compared with other existing models are as follows: Multivariate model,
Zhao model, Malicki model, Zhou model, Topp model, Liao mode and
Herkelrath model. This model could be applied to evaluate the plastic limit
index and the liquid limit index using the relative dielectric constant, and then
finally estimate the soft and hard state grades of laterite. This study could
provide a reference for the construction of laterite dielectric constant models in
different regions, and a convenient way for the estimation of the laterite water
content state and engineering categories.
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1 Introduction

Laterite is widely distributed in the Yunnan-Guizhou plateau,
eastern Sichuan, Hunan and Guangxi and other regions in China
as a kind of special clay soil. It is a maroon highly plastic soil
formed by intense weathering and lateritizaton of carbonate
rocks. Laterite has special physical and mechanical properties
such as high water content, high void ratio, high strength and low
compressibility, etc. (Sun et al., 2014). The dry and wet climate in
laterite region is obvious, the changes of surface water and
groundwater are relatively complicated, and the soil dielectric
constant mainly depends on the moisture content (Chen et al,,
20125 Hu et al, 2021; Wang et al,, 2022). Ground penetrating
radar (GPR), time domain reflectometry (TDR) and frequency
domain reflectometry (FDR) techniques based on soil dielectric
properties were widely applied to estimate surface soil water
content (Luo et al., 2019; Liu et al., 2022). In practical engineering
applications, the soil dielectric constant could be quickly and
accurately measured by the above nondestructive techniques to
indirectly predict the spatial and temporal distribution of surface
soil moisture (Wu et al.,, 2019; Qiu et al., 2022). Therefore, the
laterite dielectric constant model has very important applications
in the irrigation automatic control of regional agricultural,
protection of soil ecological environment, geological disasters
monitoring, evaluation of soil and water conservation, etc.

The dielectric constant of soil is a physical quantity used to
characterize the soil dielectric properties or polarizability. It is
always expressed as a relative dielectric constant, this is, the ratio
of the real part of the dielectric constant to the vacuum dielectric
constant. There are many factors affecting the dielectric
properties of soil, especially water content is known as the
decisive factor. In recent years, domestic and foreign scholars
have deeply studied on the dielectric properties of soil with
fruitful results. They found that the dielectric properties were
not only affected by water content, but also affected by soil type,
composition, texture, bulk density, temperature, dry density,
porosity, saturation, humidity and test frequency (Chen et al.,
2012; Liao et al., 2016; Christian et al., 2017; Lv et al., 2018; Dong
et al., 2020; Xiao et al., 2020; Pan et al., 2021). However, the
existing studies have built different dielectric constant models for
the different soil types. The dielectric constant models of the
same soil type was different due to different influencing factors.
Thus, how to determine the key influencing factors of soil
dielectric constant and to build a reliable soil dielectric
constant model deserves further discussion.

At present, the soil dielectric constant models according to
different influencing factors and applicable conditions are mainly
divided into three categories: empirical models, volume mixing
models, and diffusion models. As far as empirical models
concerned, the empirical relationships of “dielectric constant-
volume moisture content” for sandy soil, fluvo-aquic soil, acolian
sandy soil, paddy soil, loess, silty clay, cohesive soil and
reconstructed soil were studied widely (Topp et al, 1980;
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Herkelrath et al.,, 1991; Malicki et al., 1996; Zhu et al.,, 2011;
Zhao et al., 2016; Liao et al., 2019; Zhou et al., 2022; Mu et al.,
2022). With respect to the mixing models, they were proposed
after weighted average of volume fraction and dielectric constant
of soil solid, liquid and gas phases. These models were widely
applied in concrete, frozen soil and other engineering fields. The
representative models included linear models, root mean square
models and Rayleigh models (Roth and Schulin, 1990; Taoufik
et al, 2012; Gou et al., 2018; Meng and Meng, 2018; Jin and
Mohammod, 2019; Savin and Muzalevskiy, 2020; Fomin and
Muzalevskiy, 2021; Xu et al., 2022). In terms of diffusion models,
the soil was regarded as a homogeneous four-phase mixture
according to the effective medium theory, and the relationships
between the volume fraction of each single phase and dielectric
constant were proposed. These models could describe the
microscopic effects of continuous and dispersed phases using
depolarization factors (Deloor, 1968; Dobson et al, 1985;
Blonquist et al., 2006; Lv et al., 2016; Xu et al., 2019).

The existing soil dielectric constant models mainly
established the relationships between the water content and
the dielectric constant. The soil dielectric constant could be
tested by non-destructive electromagnetic techniques to
inverse the soil moisture content. In particular, the soil
dielectric constant models were applied to evaluate the soil
water content, compactness, hardness, structures, and related
quality indicators (Liao et al., 2016; Liu et al., 2016; Kabir et al.,
20205 Zhou et al., 2022). However, the sensitivity analysis of the
influencing factors of dielectric properties and the laterite
dielectric constant models for laterite were rarely reported. It
limited the model applications in the fields of environmental
geotechnology, agricultural soil ecological monitoring and soil
remediation.

In this study, the basic physical and mechanical indexes of
laterite were determined by in-situ sampling. The laboratory tests
of the laterite dielectric properties has been done with water
content, temperature and dry density as variables. The sensitivity
of influencing factors were analyzed by regression statistics, and
then the laterite multivariate model has been proposed finally.
The existing empirical models was comprehensively simulated
and compared for the water state of laterite, and the prediction
accuracy of each model was evaluated respectively. In contrast,
the multivariate model has higher accuracy for laterite water
content prediction, and it could provide a reliable reference way
for the division of soft and hard grades.

2 Materials and methods
2.1 Experiment materials
The laterite was taken from Yunnan Province in China, and

the samples were maroon and hard plastic state after removing
the disturbed soil. The samples were naturally air-dried, crushed
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TABLE 1 The basic physical properties of laterite.

Maximum dry
density (g.cm™)

Optimal water Liquid limit
content (%) (%) (%)

1.43 29.1 53.2 28.9

and passed through a 2 mm mesh sieve, and then put into an
oven at 105°C for 24 h, and the dried soil samples were stored into
plastic boxes finally. According to “Standard for Soil Test
Method” (GB/T50123-2019), routine soil tests had been done
to give the specific gravity, moisture content, density and
consistency limit of laterite. The basic physical parameters
were in Table 1.

2.2 Experiment scheme

The soil column samples with a diameter of 61.8 mm and a
height of 20 mm were prepared by the same volume mass
method. The dielectric constant of samples with different
water content and dry density were tested on the condition of
different temperatures. A total of 108 groups of soil samples were
prepared in the test, and three groups of parallel tests were used.
The test results were averaged, and a total of 216 data were
obtained. The specific experiment scheme as follows: @ The dry
density was 1.15, 1.20, 1.25, 1.30, 1.35, and 1.40 g/cm*® The
mass water content around the optimal water content was 19%,
22%, 25%, 28%, 31%, and 34%; ® The temperature was
controlled at 5°C, 10°C, 15°C, 20°C, 25°C, and 30°C; ® The
soil column samples were made according to the above water
content and dry density, and the relative dielectric constants were
measured under different temperature conditions.

2.3 Experiment procedure

The specific experiment procedure as follows:® The dry soil
mass corresponding to different dry densities was separately
weighed using the same volume mass method; @ The soil
column samples with different mass water content were
prepared separately, and left for 12h to make the moisture
evenly distributed; ® The soil column samples with diameter
of 61.8 mm and height of 20 mm were made by compaction tests;
@ The prepared test samples were sealed with plastic wrap and
placed in an incubator for 8 h, and then the dielectric constants
were measured under different temperatures using the VC4090A
LCR digital bridge; ® The soil column samples after the test were
dried to measure the actual water content compared with the
predesigned, and the average of mass water content was
converted to volumetric water content.
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Specific gravity Natural water
(Gs) content (%)

Natural density
(g-cm™)

2.73 223 1.75
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FIGURE 1
Principle of parallel plate capacitance test.
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FIGURE 2
Improved parallel plate electrode device.

2.4 Experiment principle

The improved parallel plate electrode device was used to
measure the relative dielectric constant of soil samples. The
capacitance of soil samples was measured with parallel plate
capacitance method to give the relative dielectric constant. The
test principle and device were separately shown in Figure 1 and
Figure 2. The VC4090A LCR digital bridge was connected with
the parallel plate electrode wires. The copper electrodes with a
diameter of 62 mm were closely contacted with the top and
bottom of the samples, and the same pressure was applied. The
capacitance of the samples has been tested with the same
frequency and voltage. The relative dielectric constants were
calculated by Eq. 1 as follows:
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Here, ¢, is the relative dielectric constant; &y = 8.85 x 107'2(F/m);
A is the effective area of soil sample; t,, is the thickness of the soil
sample; d is the diameter of the soil sample; Cp is the capacitance.

3 Results and discussion

3.1 Influencing factors of laterite dielectric
properties

3.1.1 Water content

In the three phases of soil, the proportion of water not only
affects the physical properties, but also plays a decisive role in the
soil dielectric properties. To investigate the effect of water
content on the dielectric properties of laterite, the dry density
of 1.20gcm™ and the temperature of 20°C were controlled
respectively. The relationships between relative dielectric
constant and water content at different temperatures were
shown in Figure 3A. The relationships between the relative
dielectric constant and water content under different dry
densities were shown in Figure 3B. It could be seen that the
variations of relative dielectric constant with water content were
more significant on the condition of different dry densities and
temperatures.

As shown in Figure 3, the relative dielectric constant
gradually increases with the increasing water content. When
the water content was low, the soil particles constituted the basic
skeleton of the soil, and the relative dielectric constant was
relatively less affected by the soil itself. With the gradual
increase of water content, the polarization of free water
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increases in the soil, and the relative dielectric constant
increases significantly. At the same time, the free water on the
soil surface increases with the increasing temperature and dry
density, and the Brownian motion and the polarization ability of
free water intensifies, so the relative dielectric constant changes
more obviously.

3.1.2 Dry density

The compaction of soil particles has the important effect on
the dielectric properties. The spacing among soil particles
variate with the increasing dry density to affect the
polarization of the electric field on the particles surface.
When the temperature was 15°C, the relationships between
relative dielectric constant and dry density under different
water content was shown in Figure 4A. When the water
content was 28%, the relationships between the relative
different
temperatures was shown in Figure 4B. The variations of

dielectric constant with dry density under
dielectric constant with dry density was more obvious under
the same water content conditions.As shown in Figure 4, the
relative dielectric constant increases with the increasing dry
density, and it is basically proportional to the dry density.
Because the laterite itself has strong water absorption, so it
has large pores and low relative dielectric constant when dry
density is low. The contact area among soil particles increases
with the increasing dry density, but the water volume remains
constants, so that the thickness of the water film and the relative
dielectric constant increases uniformly. The relative dielectric
constant gradually increases under the same dry density when
the pore water affected by the increasing water content.
Meanwhile, the relative dielectric constant also gradually
increases with the increasing activity of water molecules
from the increasing temperature.
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3.1.3 Temperature

Temperature is an important factor affecting the dielectric
properties of soil. The thermal movement of water molecules
intensifies to affect the density, viscosity and polarizability of
water in the soil with the increasing temperatures. To
investigate the influence of temperature on the relative
dielectric constant, the dry density of 1.15gcm™ and the
water content of 28% were controlled respectively. The
relationships between the relative dielectric constant and
temperature under different water content were shown in
Figure 5A. The relationships between the relative dielectric
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constant and temperatures under different dry densities were
shown in Figure 5B.

As shown in Figure 5, the relative dielectric constant shows a
gradually increasing trend with the temperatures, and the
polarization ability of pore water in the soil were accelerated.
The relative dielectric constant in Figure 5A continued to
increase on the condition of dry density 1.15 g cm >, especially
when the water content was greater than 28%. It could be seen
that the relative dielectric constant in Figure 5B gradually
increased with the increasing temperature, especially when the
temperature was greater than 15°C. The reason was that the
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TABLE 2 Results of multiple regression statistical analysis.

Parameter Unstandardized Standard
coefficients coefficient
B Standard error Beta

(constant) —104.820 7.366

Water content 1.667 0.098 0.608

Dry density 47257 5.389 0.314

Temperature 0.936 0.068 0.493

10.3389/feart.2022.1035692

Correlation tvalue  p value Collinearity
coefficient statistics
Tolerance VIF
~14.230 0.000*
0.622 16.998 0.000** 0.999 1.001
0.334 8.770 0.000** 0.999 1.001
0.498 13.792 0.000%* 1.000 1.000

(Notes: B represents the regression coefficient; Beta represents the standardized partial regression coefficient, the larger the absolute value, the higher the degree of influence; t represents the
significance test of the regression coefficient; p represents the significance level, and “*” represents p < 0.05 (significant correlation), “**” means p < 0.01 (very significant correlation); VIF
means variance inflation factor, when tolerance >0.2 and VIF < 5, there is no multicollinearity).

thickness and the active of water film on soil surface was
simultaneously enhanced in the soil.

3.1.4 Sensitivity analysis

The significant correlation analysis between the relative
dielectric constant and the influencing factors was the basis of
the dielectric constant model construction. Based on the least
squares method, the partial variance was minimized, and the
relative dielectric constant was taken as the target factor
(dependent variable). The water content, dry density and
temperature were used as various factors (independent
variables). The results of multiple regression statistical analysis
were shown in Table 2.

As seen from Table 2, the relative dielectric constant was
significantly correlated with water content, dry density and
temperature (p < 0.01), the tolerances were between 0.999 and
1.000, and the VIF values were between 1.000 and 1.001. It
showed that the collinearity between the independent variables
was very weak, and the key regression factors of the dielectric
properties were water content, dry density and temperature. The
greater the absolute value of the standardized partial regression
coefficient (Beta), the greater the influence of independent
variable on the target factor. It concluded that the influence of
water content on the relative dielectric constant was the largest,
followed by temperature, and dry density was the smallest.

3.2 Construction of laterite dielectric
constant model

3.2.1 Model building method

Currently, the most representative empirical relationship
between soil dielectric constant and volumetric water content
is the Topp model (Topp et al, 1980), and the general
expression is:

2

2 3
0, = a+be, +ce, = dg;
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Here, 6, is the volume water content, ¢, is the relative dielectric
constant, and 4, b, ¢, and d are the fitting parameters. Herkelrath
et al. (1991) gives a linear relationship between the volumetric
water content (60,), the square root of the relative dielectric
constant (+/¢;) is given by:

V& =ab, + B (3)

In Eq. 3, a« and f are related to soil dry density and
temperature. Considering the influence of various soil types
and dry density (p,), Malicki et al. (1996) revised the
relationship between 0, and /&, and further improved the
empirical relationship as follows:

_ V& +a+bp,+cpl

0,
d+ep,

4)

It effectively improves the prediction accuracy of soil water
content, but Eq. 4 is complex with relatively poor engineering
applicability. Subsequently, Siddiqui and Drnevich (1995)
established a more simplified empirical formula:

Ve Pl aibw
Pa

®)

where w is the mass water content, and p,, is the density of water.
Zhao et al. (2016) calibrated the water content of sand, silt soil
and cohesive sand in the field considering the soil dry density, the

relationship between w and +/¢; is:
A+ g
Correction equation: w = ——— 6)
B+ C/¢,

In Eq. 6, A, B, and C are undetermined parameters, which are
related to the dry density. Based on the simulation analysis on the
field (Zhao et al., 2016), the following relationship was obtained:

(o2 28) - =2

0, =
(y,‘,’—jw) + (#,’Z—j+¢)x/€_r

%
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Liao et al. (2016) established an empirical model of soil 9, = VE ap, )
dielectric constant for loess with different sand contents: b bp,

0, = alge—br (®) In summary, it was beneficial for improving the accuracy of

dielectric constant model considering the influence of dry density

Zhou et al. (2022) obtained a linear relationship between 6, on dielectric properties. Based on the sensitivity analysis of

and /& on the basis of Eq. 5, it was given as follows: influencing factors, the water content is the main factor,
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followed by temperature, and the dry density has the least impact.
Therefore, the influence of temperature and dry density as the
key factors should be considered when the relationship of
“relative dielectric constant-volume water content” was built
for laterite.

3.2.2 Model building analysis

The influence of dry density and temperature is the basis of
laterite dielectric constant model. To investigate the influence of
both factors on the relationship between relative dielectric
constant and volumetric water content, the experimental data
were analyzed. The relative dielectric constants increased with
the increasing volumetric water content under the different dry
densities shown in Figure 6 when the temperature was 20°C.
Meanwhile, the relative dielectric constants increased with the
increasing volumetric water content under the different
temperatures shown in Figure 7 when the dry density was
1.25gcm ™. The relationship between the relative dielectric
constant and volumetric water content shown in Figure 8 has
been obtained on the conditions of the temperature range of
5°C-30°C, the dry density range of 1.15-1.40 gcm™ and the
water content range of 19%-34%.

As shown in Figure 6, the experimental and numerical results
are highly consistent, and the relative dielectric constant
increases with the increasing dry density and volumetric water
content. The reason was that the dry density gradually increased
with the decreasing pores and the increasing particles contact
area in the soil, so that the free water was squeezed into the soil
surface result in the increase of dielectric constant. As shown in
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o value

a=18.23+0.61T-8.79p,
R*=0.8724

FIGURE 9
The relationship between « value and dry density and
temperature.

Figure 7, the experimental results agree well with the numerical
results, and the relative dielectric constant increases with both the
temperature and volumetric water content. The reason was that
the increasing temperature accelerated the Brownian motion of
free water in soil for the electric field variations. As shown in
Figure 8, it shows that the relative dielectric constant has
significant correlation with volumetric water content, dry
density and temperature. Therefore, the influence of dry
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B=-0.75+(-0.41+0.25p,~0.0002T) T
R™=0.8306

FIGURE 10
The relationship between f value and dry density and
temperature.

density and temperature could not be ignored when the dielectric
constant model of laterite was built.

Based on the above analysis, this study proposed the
influence of dry density and temperature on the parameters of
Herkelrath model for laterite. The relative dielectric constant and
volumetric water content of laterite were brought into the
Herkelrath model to get the parameters a and 8 in Eq. 3. The
a and f have been fitted with the temperature and dry density
shown in Figure 9 and Figure 10, respectively.

a=a+bT+cp, (10
B=d+ (e+fp,+8T)T (11)

TABLE 3 Expressions of seven empirical models for laterite.

10.3389/feart.2022.1035692

Here, a and f3 are the correction parameter; a, b, ¢, d, e, f, gare the
fitting parameters, p; is the dry density, T is the temperature.

As seen from the fitting results in Figure 9 and Figure 10, o
and f3 values are significantly correlated with the temperature and
dry density. The Eqs 10, 11 were brought into Eq. 3 to correct the
parameters, and finally the multivariate model of laterite
dielectric constant was as follows:

V& —d - (e+fpy +8T)T
a+bp,+cT

0, = (12)

3.3 Simulation verification of laterite
dielectric constant model

3.3.1 Simulation comparison verification

The comparison analysis of the existing empirical models
and the multivariate model were applied together on the
prediction of laterite water content, and this is an effective
way to verify the reliability of the multivariate model. A total
of 216 groups testing data of volumetric water content and
relative dielectric constant were brought into Eqs 2, 3, 4, 7, 8,
9, 12 on the condition of the temperature 5°C-30°C and the dry
density 1.15-1.40 g cm . The fitting results of each model and
the correlation R were in Table 3.

The simulating results of single variable models in Figure 11
and the bivariate variable models in Figure 12 were compared
with the test data respectively, and the multivariate variable
models was shown in Figure 13. The specific expressions of all
the models including the Topp model, Herkelrath model, Malicki
model, Liao model, Zhao model, and Zhou model for laterite
were shown in Table 3. The multivariate model compared with
the other models has the best accuracy for the relationship
between the volume water content and the relative dielectric
constant for laterite.

Model Model expressions R value

Topp model 0, = 0.232 + 0.013¢, — 0.0003123 + 0‘000002552 0.79089 (13)
Herkelrath model 0, = 0.219 + 0.035/¢, 0.77509 (14)
Malicki model 0, = vzfs;:g;;silggiélzsp: 0.80436 (15)
Liao model 0, = 0.144lg ;= 0.78703 (16)
Zhao model 0, = [(333574-3.773)+ V&7 | p4 0.81303 (17)

(20.467:—3—19.389)4-(0.015:—:4-145.364)\/:',

Zhou model 0, = T\/:_rm"' 0.156;’% 0.80182 (18)
Multivariate model 0, = V& +0.861+(0.376-0.173p,~0.0015T) T 0.97546 (19)

16.094-6.066p;+0.65T
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Comparative analysis of single variable simulation for latertite.

3.3.2 Evaluation of simulation comparison
verification
The root mean square error (RMSE) was used to accurately

evaluate the predicting effect of each model on the water content
as follows:

2
RMSE = M (20)

Where 6, is the calculated value of the volume water content, 6,
is the measured value of the volume water content, and n is the
testing numbers. The RMSE was smaller, and the better the
model predicted the water content. The testing relative dielectric
constant, temperature and dry density were brought into above
seven models to predict the volumetric water content. Finally, the
calculated value and the measured value of volume water content
were brought into Eq. 20 to give the root mean square error in
Table 4.

The root mean square error of the multivariate model was the
smallest in Table 4. The prediction effects of seven models on the
laterite water content were as follows: Multivariate model, Zhao
model, Malicki model, Zhou model, Topp model, Liao model,
and Herkelrath model. This study has built the multivariate
model for laterite considering the influence of temperature
and dry density on the dielectric properties in situ field. The
multivariate model effectively improved the prediction accuracy
of the laterite water content.

3.3.3 Evaluation of the natural water content of
laterite

The cohesive soil has different physical states and
engineering properties with the changes of soil water
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Comparative analysis of bivariate simulation for latertite.

content. The water content state of cohesive soil could be
quickly detected using ground penetrating radar if the

dielectric

constant model were

precise and reliable
enough. The surface average temperature of Yunnan
laterite was 14.4°C, the average dry density was 1.23 gcm >,
and the density of water was 1.00 gcm™ (Wu et al., 2017;
Gao and Zhang, 2021). The liquid limit of laterite was
53.2%, and the plastic limit was 30.1%. To explore a more
convenient way for the evaluation of natural water content
of laterite, and the relative dielectric constant should be

tried to apply in the prediction of the plastic limit index as
follows:

w0 P Q1)
Pa
IP=WL—WP (22)
W-Wp
I, =—— 23
L W W (23)

The volumetric water content could be converted to the
plastic limit index and liquid limit index using Eqs 21-23:

IP - WL_ WP - (BVL _ovP) XPW

(24)
Pa
IL W - WP _ ev - evP (25)

:WL_WP_BVL_GVP

Finally, the laterite dielectric constant model Eq. 19 was
brought into Eqs 24, 25, the relationship between the plastic limit

index, liquid limit index and dielectric constant could be
expressed as:
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Multivariate simulation analysis for laterite.
TABLE 4 Root mean square error of seven models.
Topp model Herkelrath model Malicki model Liao model Zhou model Zhao model Multivariate model
0.04345 0.04468 0.04238 0.04456 0.04327 0.04178 0.02175

TABLE 5 Classification of natural water content state of laterite with the relative dielectric constant.

Soil state Hard Hard plastic
Liquid index (I1) 1. <0 0<I;<0.25
Water ratio (o) ay, <0.55 0.55 < @, <0.70
Natural water content (w) w<0.293 0.293 <w<0.372
relative dielectric constant (g,) & <13 13<¢, <28
V&L —&p ) X
IP — ( T, T, ) P w (26)
(a-bp,+cT) x p,
& —&p
== (27)
V&L ~ &P

Where w is the natural water content, 6, is the volume water
content, p,, is the density of water, p, is the dry density, wy is the
liquid limit, wp is the plastic limit, I} is the liquid limit index, Ip
is the plastic limit index, ¢, is the relative dielectric constant, ¢,
and ¢,p are the relative dielectric constants corresponding to the
liquid limit and the plastic limit, respectively.

As the average temperature of Yunnan laterite is 14.4°C
and the average dry density is 1.23 gcm™, and the laterites
\erL = 8.74, \/&p = 4.2, Ip = 20.5 corresponding to the liquid
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Plastic Soft plastic Flow
0.25<1;<0.75 0.75<I; <1.00 11> 1.00
0.70 <, <0.85 0.85 <, < 1.00 aty >1.00
0372 <w<0.452 0452 <w<0.532 w>0.532
28<¢, <55 55<£ 576 &>78

limit 55.6% and the plastic limit 30.1%. It could be judged that
the laterite in our tests was cohesive soil (Ip >17). Based on Eq.
27, the liquid limit I} = 1 and I, = 0 was respectively close to
the relative dielectric constant of the liquid limit and the
plastic limit for laterite. The water ration was defined

o, =2, and it was listed to classify the natural water state

of chLcohesive from the “Engineering Geology Handbook”
(Chang, 2018). The corresponding relationships between the
relative dielectric constant and the liquid limit index has been
calculated with Eq. 19 on the condition of different natural
water content for laterite in Table 5. It could be seen that the
water content state evaluation of laterite has a good
consistency between the liquid limit index and the relative

dielectric constant. The proposed multivariate model was
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feasible for the application in the engineering categories of
laterite.

4 Conclusion

(1) The relative dielectric constant of laterite gradually increases
with the increasing water content, dry density and
temperature respectively, and the main influencing factors
of the laterite dielectric properties was water content,
followed by temperature, and finally dry density from the
multiple linear regression analysis.

(2) The influence of dry density and temperature could not be

ignored for the construction of dielectric constant model of

laterite according to the analysis of existing models and the
testing results. The laterite dielectric constant model
the effects of dry density and
temperature has been proposed on the basis of Herkelrath

considering joint
model.

(3) The comparison and verification of the test data with the
existing models shows that the multivariate model has the
best fitting accuracy on the relationship “relative dielectric
constant-volume water content” of laterite. The root mean
square error was used to evaluate the prediction accuracy of
each model for the laterite water content as follows:
Multivariate model, Zhao model, Malicki model, Zhou
model, Topp model, Liao model, and Herkelrath model.
(4) The relationships between the relative dielectric constant,
plastic limit index and liquid limit index of laterite were
derived based on the multivariate model, and this model
could be used to classify the natural water content state of
laterite. The multivariate model could provide a convenient
way for the rapid, nondestructive and accurate quantitative
prediction of the surface water content state, and further
evaluate the soft and hard grades and engineering categories
of laterite (Hu et al., 2021).
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