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Estimation of Relative Subsidence of Collapsible
Soils Using Electromagnetic Measurements

Henok Hailemariam, Frank Wuttke

Abstract—Collapsible soils are weak soils that appear to be
stable in their natural state, normally dry condition, but rapidly
deform under saturation (wetting), thus generating large and
unexpected settlements which often yield disastrous consequences for
structures unwittingly built on such deposits. In this study, a
prediction model for the relative subsidence of stressed collapsible
soils based on dielectric permittivity measurement is presented.
Unlike most existing methods for soil subsidence prediction, this
model does not require moisture content as an input parameter, thus
providing the opportunity to obtain accurate estimation of the relative
subsidence of collapsible soils using dielectric measurement only.
The prediction model is developed based on an existing relative
subsidence prediction model (which is dependent on soil moisture
condition) and an advanced theoretical frequency and temperature-
dependent electromagnetic mixing equation (which effectively
removes the moisture content dependence of the original relative
subsidence prediction model). For large scale sub-surface soil
exploration purposes, the spatial sub-surface soil dielectric data over
wide areas and high depths of weak (collapsible) soil deposits can be
obtained using non-destructive high frequency electromagnetic (HF-
EM) measurement techniques such as ground penetrating radar
(GPR). For laboratory or small scale in-situ measurements,
techniques such as an open-ended coaxial line with widely applicable
time domain reflectometry (TDR) or vector network analysers
(VNAs) are usually employed to obtain the soil dielectric data. By
using soil dielectric data obtained from small or large scale non-
destructive HF-EM investigations, the new model can effectively
predict the relative subsidence of weak soils without the need to
extract samples for moisture content measurement. Some of the
resulting benefits are the preservation of the undisturbed nature of the
soil as well as a reduction in the investigation costs and analysis time
in the identification of weak (problematic) soils. The accuracy of
prediction of the presented model is assessed by conducting relative
subsidence tests on a collapsible soil at various initial soil conditions
and a good match between the model prediction and experimental
results is obtained.

Keywords—Collapsible soil, relative subsidence, dielectric
permittivity, moisture content.

[. INTRODUCTION

OLLAPSIBLE soils, widely regarded as problematic
soils, undergo large volume change when wetted with
water, which in turn cause damage to the structures built over
them. Naturally occurring collapsible soils usually exist at or
near dry state as they are primarily found in arid and semi-arid
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regions of the world. The focus of this research is on
collapsible soils which may exist at different initial moisture
conditions (relative subsidence stages) in remolded or in an
undisturbed state in nature.

The triggering mechanism for the stressed relative
subsidence of collapsible soils at different initial moisture
conditions is mainly attributed to the weakening or softening
of a portion of the fine-grained fraction of soil (which exists as
a bonding material for the larger-grained particles) [1] and
also to the loss of soil strength due to a reduction in matric
suction [2] during wetting. The microscopic behavior of
collapsible soils is governed by the presence of minerals such
as tecosilicates, mica, and clay minerals of smectite, chlorite
and kaolinite. The volume change and shear strength in terms
of the macroscopic behavior of the individual clay platelets are
mostly controlled by surface physicochemical forces, rather
than gravitational forces [3]. This is attributed to their small
size and the diffuse double layer formed around clay platelets.
Comprehensive study of the electromagnetic properties of
collapsible soils obtained from HF-EM measurement
techniques can be used to quantify the relative subsidence of
stressed collapsible soils subjected to wetting processes.

HF-EM measurement techniques such as capacitance
methods [4], GPR [5] or TDR [6], [7] work on the basis of
detecting changes in spatial and temporal variations of the HF-
EM properties at or near the subsurface [8]. At lower
frequency ranges from 1 MHz to 200 MHz, capacitance
methods such as the parallel-plate configuration are commonly
used to determine complex permittivity. In the frequency
range from 1 MHz to 10 GHz, time or frequency domain
reflectometry techniques are usually employed [9], [10]. Using
state-of-the-art ~ geophysical ~ non-destructive = HF-EM
techniques such as GPR, large scale sub-surface soil
exploration and identification of weak (collapsible) soil
deposits can be performed by transmitting HF-EM pulses (50
MHz to 1 GHz) from a transmitting antenna in to the ground.
By recording the travel time of the emitted pulses through a
receiving antenna, the dielectric permittivity of the sub-surface
can be obtained, and then used to predict the quantity of the
expected relative subsidence of the soil deposit.

Howayek et al. [11] and Ayadat and Hanna [12] have
provided a comprehensive review of existing methods for the
identification of collapsible soils and estimation of their
relative subsidence upon wetting. However, majority of the
existing models use soil moisture content as a primary input
parameter. This has its limitations both in-situ and in
laboratory applications in the estimation of relative subsidence
as well as monitoring of the subsidence progress, as the user is
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required to use methods of moisture measurement which
disturb the soil structure, or to extract samples for moisture
content measurement. This procedure is usually a time-
consuming and an un-economic practice in the case that the
samples have to be obtained from great sub-surface depths.

To address the aforementioned limitations, a new prediction
model, developed using the Minkov et al. [13] model and the
advanced Lichtenecker and Rother Model (ALRM) [10], for
the relative subsidence of stressed collapsible soils based on
soil dielectric permittivity is proposed in this study and its
accuracy of prediction is validated by performing relative
subsidence tests on collapsible soil at different initial
conditions. With the new model, soil relative subsidence can
be estimated using porosity, specific gravity and soil dielectric
permittivity.

II. THEORETICAL ANALYSIS

A. Soil Dielectric Behaviour

Porous mineral materials consist mainly of four phases:
solid particles (various mineral phases), pore air, pore fluid as
well as a solid particle - pore fluid interface. In principle the
fractions of these phases vary both in space (due to
composition, specific density and surface area) and time (due
to changes of water content, porosity, pore water chemistry
and temperature). The electromagnetic properties of the solid
particles can be assumed frequency independent in the
considered temperature-pressure-frequency range. Real
relative permittivity ez of inorganic dielectric mineral
materials varies from 3 to 15 [14], [15].

The constitutive broadband electromagnetic transfer
functions of a soil sample can be defined in terms of complex
relative effective permittivity as:

eorr(w,T,p,..)
i (1)

s;"eff(a),T,p, )=
or effective conductivity as:

agff(a),T,p, ) =ja)£;ff(a), T,p,...) 2)
and complex relative effective magnetic permeability as:

)= Kerp(@.Tp,...) (3)

W orr@,T,p, . =

with absolute complex permittivity e*w, 7T, p,..) or
magnetic permeability u*.4(w, T, p,...), imaginary unit j=\/—] ,
angular frequency @ = 2xf as well as permittivity ¢, and
magnetic permeability z, of free space. The transfer functions
depend on frequency w as well as on the thermodynamic state
parameters such as temperature 7, pressure p, and water
content w [10]. In this study, the magnetic permeability was
not evaluated. In case of the silty clay soils, the assumption is
justified that magnetic effects can be neglected and relative
magnetic permeability is equal to 1. The complex relative
effective permittivity, &*..,p = &’y — Jj&"rgp has two
components, where the real component &', . reflects the stored

energy in the soil when it is exposed to time harmonic
electromagnetic field with angular frequency o = 2xnf [8].
While the imaginary part, &", .y = &"'s+opc/(@ &), characterizes
the Ohmic and polarization losses [16]. Here ¢"; and opc/(w
&9) are the dielectric and conductive losses respectively [6],
[17]. The permittivity at different GHz frequencies represents
the amount of free water in the soil. Furthermore, the complex
permittivity at lower frequencies gives information about the
absorbed water [18]. Generally, the polarization of the
material (in terms of complex effective permittivity) increases
monotonically from microwaves to very low frequencies.

B. Broadband Dielectric Mixture Model

Due to its simple structure, the theoretical mixing rule
according to Lichtenecker and Rother 1931 (typically known
as Lichtenecker and Rother Model, LRM), (4), is commonly
used in soil physics, remote sensing, geophysics and
geotechnical applications [19]-[24].

* N *
&% (@,T,p,..) = Zk=1Vksr_‘}( (w,T,p, ...) @)

where &*. (w, T, p,...) is the relative effective complex
dielectric permittivity of the soil, V; is the volume fraction
with YN_ V=1, e* 4w, T, p,...) is the corresponding
frequency-dependent complex relative permittivity of the kth
component and a is the so-called exponent or constant
structure factor. The LRM is typically known as a three phase
(free water, solid grains and air) or four phase (bound water,
free water, solid grains and air) mixing rule. The parameter a
contains structural information of free and bound water in soil.
However the electromagnetic properties of the bound water
phase in soils are poorly understood and difficult to quantify
[21], [25] and are consequently neglected in practical
applications. Zakri et al. [26] studied the theoretical
justification of the LRM based on effective medium theory
considering the distribution of depolarization factors linked to
the structure parameter a. The LRM is frequently used with a
=1/2, and is then called the complex refractive index model
(CRIM) [27] or generalized refractive mixing dielectric model
(GRMDM) [23]. For a = 1/3, (4) transforms to the Looyenga-
Landau-Lifschitz model (LLLM) [28], [29].

The broadband theoretical frequency and temperature-
dependent mixing rule suggested by Wagner et al. [10] based
on (4), which is called advanced Lichtenecker and Rother
Model (ALRM), (5), is used to analyse the complex dielectric
permittivity of the collapsible soil in our study.
s:z;gf'n) (0), T, D, ) =

98‘;‘1(9'") (w,T,p,..)+ (1 - n)sg(‘g'n) (w,T,p,.)+(m—0) (5

where n is the soil porosity, @ is the volumetric water content
(m® m?), e*(w, T, p,...) is the complex permittivity of pore
water, structural exponent 0 < a < 1 and & is the relative real
permittivity of the solid grain particles. A structural exponent
a = 1/2 (exponent selected according to CRIM, [27]) is used to
analyse the complex dielectric permittivity of the studied
collapsible soil, due to its comprehensive use of all soil phase
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forms and accuracy of prediction [6], [10], [30].

The pore fluid is considered as an aqueous solution, and the
temperature, frequency and porosity-dependent relative
effective complex dielectric permittivity is obtained according
to the modified Debye model [31], [32]:

_ _ &(Tp)=Eo(Tp,) - 0opc(Tp,),
) SOO(T! P, ) - 1+jwt(Tp,.) J we, \6)

ew(@,T,p, ...
with the high frequency limit of permittivity e(7, p,...), static
permittivity &(7, p,...), relaxation time (7, p,...), direct
current conductivity contribution opc(7, p,...) and permittivity
of free space &,. Under atmospheric conditions the dielectric
relaxation time of water 7(7) depends on temperature T
according to the Eyring equation with Gibbs energy or free
enthalpy of activation AG™,(T)= AH" (T)-TAS"(T), activation
enthalpy AH"(7) and activation entropy AS*{(T). The
equation suggested by Dobson et al. [22], (7), is used to obtain
the relative real permittivity of the solid grain particles of the
studied soils. The term G, in (7) represents the specific gravity
of solid particles.

ec(w, T,p,..) = (1.01 + 0.44G,)? — 0.062 (7

The ALRM is valid for the full range of soil saturation and
takes the mineral composition, soil structure and all soil phase
forms along with the coupled hydraulic-structure changes
during wetting and drying processes into account.

C.Development of the New Model for Predicting the
Relative Subsidence of Collapsible Soils

The model for predicting relative subsidence of collapsible
soils suggested by Minkov et al. [13] has been modified to
develop the new prediction model proposed in our study, due
to its simplicity and accuracy of prediction. According to
Minkov et al. [13], the relative subsidence (Ah/hy) at a stress
level of 3 kg cm? (300 kPa), also represented as d,,3, of
collapsible soils can be obtained by using the relations given
by (8) in percentage or (9) in fraction. The level of stress taken
for the model (i.e. 300 kPa) is a representative stress state for
collapsible soils, as the maximum relative subsidence of most
collapsible soils occurs at a stress level ranging between 200
and 400 kPa. Test results analysing the variation of relative
subsidence with applied vertical stress for the collapsible soil
studied in this research are in agreement with this criteria (see
Section IV B).

Ah/hg = K(ng — 40)(30 — wp) (®)
Ah/hy = 100K (ny — 0.4)(0.3 — w,) )

where, Ak is the change in collapsible soil height resulting
from wetting, %, is the initial height of soil, n, is the initial
porosity, wy is the initial gravimetric water content, and X is a
soil texture constant with values of 0.02, 0.03, 0.05, 0.08 and
0.09 for loessy sand, sandy loess, typical loess, clayey loess
and loessy clay, respectively. According to the model, the
relative subsidence is always greater than zero, and the soil

initial porosity and initial gravimetric moisture content should
be greater than 0.4 and less than 0.3, respectively in order for
subsidence to occur. This criterion complies well with other
findings such as Feda [33], Jennings and Knight [34] and
others, and typifies the fact that collapsible soils are more
susceptible to subsidence when they are in loose state and
having a low degree of saturation.

The new model for the prediction of relative subsidence
based on complex dielectric permittivity measurement is
developed by substituting for the moisture content term in the
Minkov et al. [13] model with its equivalent in terms of
dielectric permittivity from the ALRM.

Equation (5) can be rewritten in terms of the real
component of relative effective complex dielectric permittivity
of soil &', and the real component of relative effective
complex dielectric permittivity of water ¢',, as:

ererr = Oognt + (1 —ng)eg® + (ng — o) (10)

Equation (10) can be rewritten in terms of the initial
volumetric water content 8, of soil as:

0o = (&%rr — (1 —1mp)eg®* —mg) /(e — 1) (11)

The initial volumetric water content 8, of a soil can also be
expressed in terms of initial gravimetric water content wy as:

8o = woGs(1 —no) (12)
Combining (11) and (12), we get:

_ Si.afsz_(l—"u)gaa—"o
07 Gyef-na-ng) (13)

The relative subsidence prediction model which is
independent of moisture content is thus obtained by
substituting for the value of w, from (13) in to (9) as:

E;fleff_(l_no)g(;a_no

Ah/ho = 100K (ng = 0.4)(03 = T2y (14)
where, Ak and 4, are the changes in height due to wetting and
initial height of collapsible soil, respectively. The model is
valid for ny > 0.4 (initial void ratio e,> 0.66) and the boundary
conditions for the measured values of real &', component of
relative effective complex dielectric permittivity and relative
subsidence A//hy can be obtained as follows:

The values of the minimum (&'¢p)mi» and maximum
(&'e)max real components of relative effective complex
dielectric permittivity of the collapsible soil correspond to
AR/hg)pax and (AR/hg)in in (14), respectively. The lower
boundary i.e. (¢'ep)min corresponding to (Ah/hg)y is found
using wy = 0 (dry condition) in (13). The upper boundary i.e.
(&'ref)max corresponding to (Ah/hg)un, is solved by putting the
value wy = ny/[Gy(1- ny)] (saturated condition, 6, = ny) or wy =
0.3 in (13), whichever is smaller.

The primary input parameters for the new model are
porosity, specific gravity of solids and soil dielectric
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permittivity. The model is also sensitive to frequency changes
in the complex dielectric permittivity analysis in the form of
&' o € and &', in (13) and (14). In this manuscript values at 1
GHz frequency only are considered. At this frequency range,
information on the free water in the soil can be obtained and
the dispersion and absorption soil processes can be compared
directly [21], [25], [35].

The main uncertainties (source of error) in the use of the
new model to predict the relative subsidence of collapsible
soils from dielectric measurements are related to errors in the
measurement of the relative effective complex dielectric
permittivity due to a higher grain size (as in soils with a higher
coarse-grain fraction) when an open-ended coaxial line
technique is used to obtain the complex dielectric permittivity,
and errors due to the precision and calibration procedure of the
electromagnetic device (GPR, TDR etc), type of coaxial
cables, connectors and used inversion algorithms (if any).

For a typical collapsible soil with specific gravity of solid
particles G, = 2.74, £,=(1.01+0.44G,)*-0.062 = 4.847, &', @ 1
GHz = 80 and structural exponent a = 1/2, (13) and (14) can
be simplified to (15) and (16), respectively:

10.5
Erppp+1.202n9-2.202

Wo = T 767y (13)
Ah/hy = 100K (ng — 0.4)(0.3 — ”ifﬁ#) (16)
with (&', e)min and (€', ¢f)max Obtained from (15) as:

(s;_eff)mm = (2.202 — 1.202n,)? (17)
(& efmax = (6.742 + 2.202n4)? or

(8.732 — 7.732n4)?, whichever is smaller (18)

To assess the accuracy of prediction of the new model, the
root mean square error (RMSE), normalized root mean square
error (NRMSE) and bias in model prediction are calculated as:

2
UG Im=Gr v

RMSE = — (19)
NRMSE = —— 5% (20)
(To)m,max_(fo)m,min]
D [CLLIN WC LWy
bias = —te— R @1

m

where, m is the number of measurements, (Ah/hy),, & (Ah/hy),
are the measured and predicted values of soil relative
subsidence at 300 kPa, respectively, and (Ah/hg)yme &
(Ah/hy)ymin are the maximum and minimum values of the
measured soil relative subsidence at 300 kPa, respectively.

III. EXPERIMENTAL PROGRAM

A. Tested Soil

Remolded collapsible soil taken from near Baku area,
Azerbaijan, at a depth range of 2.0 m to 2.5 m was used for the
experimental investigation. The common geotechnical and
physiochemical properties of the collapsible soil (obtained
following ASTM D420-D5876 [36]) are listed in Table I.
Phase content was determined quantitatively by combined X-
ray diffraction (XRD) and X-ray fluorescence (XRF) analysis.

TABLEI
GEOTECHNICAL AND PHYSIOCHEMICAL PROPERTIES OF THE STUDIED
COLLAPSIBLE SOIL

Properties Values
Specific gravity (g cm™) 2.735
Initial water content w (%) 9.3
Liquid limit (%) 313
Plastic limit (%) 17.0
Plastic index (%) 14.3
Clay % (< 0.002 mm) 34
Silt % (0.002 - 0.063 mm) 51
Sand % (0.063 - 2 mm) 15
Gravel % (> 2 mm) 0
Classification (USCS)* CL
Organic content (%) 5.811
Lime content (%) 12.944
Tecosilicates (%) 44
Mica (%) 25
Smectite (%) 7
Chlorite (%) 5
Kaolinite (%) 3

* USCS unified soil classification system.

B. Experimental Procedure and Test Setup

This section describes the experimental methodology and
devices used to assess the accuracy of prediction of the new
model by conducting relative subsidence tests on a collapsible
soil at various initial soil conditions.

Results of single oedometer collapse tests [37] conducted
on the collapsible soil at natural loose condition with initial
void ratio ¢, = 0.83 and an initial gravimetric water content w
=0.093 g g (natural condition), by inundating the specimen
with distilled water (as per ASTM D 5333 [38] guidelines) at
stress levels ranging between 12 kPa and 1200 kPa to identify
the severity of soil collapse and to study the variation of the
relative subsidence with applied stress are presented first.
Moreover, a total of 36 relative subsidence tests on the
collapsible soil (natural loose condition ¢, = 0.83) stressed at
300 kPa and at different initial moisture conditions (different
initial complex dielectric permittivity) were performed to
evaluate the accuracy of prediction of the new model
presented in this research. The collapsible soil specimens were
initially prepared according to the desired initial void ratio and
initial moisture condition and the initial complex dielectric
permittivity of each collapsible soil specimen was measured
after placing it in the relative subsidence test apparatus shown
in Fig. 1 (a). Then after the desired subsidence load (300 kPa)
was applied and sufficient time was provided until the changes
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in soil deformation associated to the applied load of each
specimen was insignificant. Finally, each specimen was
inundated with distilled-deionized water to initiate the soil
subsidence mechanism due to inundation and the total relative
subsidence data of each specimen was recorded.

Displacement

/ transducer a)
Loading

piston

[ g J
Open-ended

Perforated coaxial line
loading cap i e
Tire
Sample o s
Porous stone
Base <
Drainage

o o&oan IR m A A m o

)&

Fig. 1 Experimental setup of the relative subsidence test apparatus (a)
and VNA Master MS2027C network analyser (b)

The relative subsidence test apparatus (Fig. 1 (a)) consists
of a cylindrical test box, a digital displacement transducer, an
open-ended coaxial line, a drainage system for wetting and a
controlled loading piston for applying the subsidence load.
Electromagnetic measurements were taken with an open-
ended coaxial line connected to a VNA Master MS2027C
network analyser (Fig. 1 (b)) and fitted horizontally to the test
box. The test box consists of an outer steel frame with an inner
lining of plexiglass. The outer frame avoids lateral bending
that may occur due to loading. The subsidence behavior of
collapsible soil depends considerably on the stiffness of the
walls of the testbox. The use of plexiglass as an inner lining
helps to limit the amount of shear stress between the glass wall
and the soil mass and ensures that actual plane-strain
conditions are met. The digital linear transducer which is
attached to the loading piston was used to record the relative
subsidence of each specimen during inundation and the data
was stored in a data logger connected to the system.

C. Determination of Soil Complex Dielectric Spectra Using
an Open-Ended Coaxial Line Technique

Open-ended coaxial line techniques provide a non-
destructive determination of the dielectric spectra of fine-
grained soils [39]. The technique was originally developed for
the broadband analysis of the dielectric behavior of biological
tissues [40], [41], for the microwave dielectric spectroscopy of
fluids [42], [43], for food quality determination [44], [45], for
geotechnical and physical soil analysis [35], [46] among other
applications. The electromagnetic field around the open-ended
coaxial probe opening fringes from the interface to the soil
specimen and the reflection coefficient measured by means of
a HF-EM device can be used to obtain the complex dielectric
permittivity of the specimen [40], [47].

The complex impedance Z(w, T, p,...) of the sensor-soil-
interface depends on the probe geometry and dielectric
properties of the soil. The complex impedance Z(w, T, p,...) is
related to the complex reflection coefficient I(w, T, p, ...) as:

_ [1-I'(w,T,p,..)]
) =20 ) 22)

Z(w,T,p, ..
where, Z, is the characteristic impedance of the open-ended
coaxial probe. It is difficult to obtain the true reflection
coefficient I(w, T, p,...) at the aperture plane, due to errors
from the connector of the coaxial probe used, type of coaxial
line, type of probe head and others. Due to the just mentioned
errors, the actual measured reflection coefficient S;;(w, 7,
p,...) is not identical with the true reflection coefficient /(w, 7,
p,...) [40]. To remove these systematic errors, a calibration
procedure is normally performed prior to the determination of
the soil dielectric spectra [48]. The two commonly used
calibration approaches are: i) a two-stage calibration
procedure, where in the first stage the /(w, T, p,..) is
determined from calibration with three known S;,(w, T, p,...)
reflection coefficients and a second stage where the dielectric
permittivity is calculated by means of a theoretical or
numerical formulation of the open-ended coaxial system with
an infinite ground plane and a semi-infinite sample size [49]-
[51], and ii) a single-stage calibration procedure, which is
based on a bilinear relationship between S;;(w, T, p,...) and
the complex dielectric permittivities &*..4(c, T, p,...) of
reference materials [35], [52], [53].

In this research, the broadband dielectric complex
permittivity of the collapsible soil was measured in the
frequency range 100 MHz"' GHz at room temperature and
atmospheric pressure and the calibration procedure based on
the second method (i.e. a single-stage bilinear calibration
procedure) was adopted to avoid instabilities in the
determination of the frequency dependent complex dielectric
permittivity due to assumptions in the theoretical formulation
of the inverse problem and the numerical implementation of
the used open-ended coaxial probe.

Prior to the measurements a full one port three-term
calibration was done mechanically at the N (m) connector
level of the coaxial cable (N connector is a threaded,
weatherproof, medium-size RF connector used to join coaxial
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cables) with (Open, Short, 50 Q-Match or Load) calibration
standards following procedure by Rhode & Schwarz N — 50 Q
ZV-Z21 to minimize errors in measurement resulting from
device. Then after the open-ended coaxial probe (with
diameter of 2.2 mm and length of 175 mm) was connected to
the calibrated N (m) connector of the coaxial cable and the
single-stage bilinear calibration procedure was performed by
measuring the complex scattering parameter S;,(w, 7, p,...) of
four materials: air, pure methanol, distilled water and a short
circuit. The calculation of the relative effective complex
dielectric permittivity &*,.(w, T, p,..) of the soil was
obtained as shown in (23) [35].

) — ci(wTp,..)S11(wTp,..)—c2(w,Tp,..) (23)

Ereff (w‘ T, b, c3(w,T,p,..)-S11(0,T,p,...)

where, c{w, T, p,...) are three frequency, temperature and
pressure dependent complex calibration coefficients obtained
from the bilinear calibration procedure and S;;(w, T, p,...) is
the measured complex reflection coefficient of the soil
specimen. The calibration coefficients are determined with
measurements of at least three standard materials with known
complex dielectric permittivities in the desired frequency
range. The resultant set of equations are assembled in a matrix
form as: M(w, T, p,...):C(w, T, p,...)=e(w, T, p,...) (see [35])
and are solved for c(w, T, p,...)= MYw, T, p,..)e(w, T, p,...)
numerically using MATLAB. In our study, the three
calibration coefficients c(w, 7, p,...) were determined using
the so called open-water-liquid (OWL) calibration
corresponding to the three standard measurements: air and two
well known liquids i.e. distilled water and pure methanol. The
temperature of the standard liquids was measured and used to
calculate the frequency, temperature and pressure dependent
complex dielectric permittivity of water [54] and pure
methanol [55] theoretically. Finally a short circuit was
measured and used to check the purity of the methanol
standard and to improve the accuracy of the calibration in the
lower frequency range between 100 MHz to 500 MHz. The
relative error of the obtained permittivity depends on the
precision of the network analyzer, type of coaxial cables and
connectors, used inversion algorithms and other factors. The
measured complex dielectric permittivity below 200 MHz is
stable and the resultant relative error is lower than 3% [10],
[56]. The relative error is of the order of around 5% for
frequencies higher than 200 MHz, due to mismatches between
connectors, coaxial line and probe.

IV. RESULTS AND DISCUSSION

A. Calibration Results

In Fig. 2, the real and imaginary parts of the relative
effective complex dielectric permittivity &*..; of the
calibration standards are shown.

The sensitivity of open-ended coaxial line sensors to
determine complex permittivities at lower frequencies around
100 MHz is low (Fig. 2) and the accuracy of the obtained
permittivity decreases with dependence on the dynamic range
of the instrument, the applied averaging factor (if any), probe

geometry, radiation effects as well as the carefulness of the
calibration and measurements. The dielectric spectra (100
MHz to 1 GHz) of the used OWL-Short calibration standards
obtained from the VNA measurements are in close agreement
with the expected theoretical spectra (Fig. 2). As expected, a
good signal-to-noise ratio is recorded for all the calibration
standards in the considered frequency range.

102
© open (air)
10"}
— o pure methanol
e * distilled water
2 ——theoretical
w 0
10
a)
-1
10
108 10°
f [Hz]
102

l':"r,eff [-]

10"
108 10°
f [Hz]

Fig. 2 Obtained dielectric spectra; &', .4 (a) and &",, .5 (b) with the
introduced bilinear calibration procedure (OWL-Short circuit)

B. Variation of Relative Subsidence with Stress

Results of single oedometer collapse tests conducted on the
collapsible soil initially at natural loose condition e, = 0.83
and natural gravimetric water content w = 0.093 g g are
presented in Fig. 3.

Overall, the relative subsidence of collapsible soils
increases with stress. However, the rate of increase of relative
subsidence is much higher at lower stress levels and decreases
to a minimum at pressures between 200 and 400 kPa. Hence it
would be adequate to consider this stress range for analysing
the severity of the subsidence potential of collapsible soils.
The relative subsidence requires a combination of saturation to
dissolve existing bonds and sufficient stress to break the bond
between the particles. Hence, when the applied pressure is
very low of the order of say 50kPa, it is too small to break the
bonds and not large enough to cause a maximal compaction
which happens at pressures between 200 and 400kPa.
Furthermore, based on the recorded value of relative
subsidence of 9.65% at 200 kPa (Fig. 3 (b)), the studied
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collapsible soil is classified as soil with severe potential for
collapse according to the criteria suggested by Jennings and
Knight [34].
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Fig. 3 Single oedometer collapse tests (a) and variation of relative
subsidence with stress (b)

C. New Model Prediction of Relative Subsidence from
Dielectric Permittivity

In Fig. 4, model prediction of relative subsidence results
obtained using the simplified equation (16) (¢c = 4.847, &',

1 GHz = 80 and structural exponent a = 1/2) for a typical
collapsible soil with specific gravity of solid particles G, =
2.74 are shown.

In Fig. 4 (a), model prediction for five soil texture constants
K of a collapsible soil with porosity n = 0.45 and p, = 1.507 g
em” (with limits of (&' )i = 2.759 and (&, ep)mar = 27.415
obtained using (17) and (18) respectively) is presented. As
expected, the soil with the highest soil texture constant K=0.09
(loessy clay) exhibits the maximum relative subsidence and
vice versa, due to the higher amount of fine-grained fraction
(bonding material) present in finer-grained soils as compared
with coarser soils, which are then weakened or softened upon
wetting resulting in a higher soil subsidence [1], [57]. In Fig. 4
(b), the effect of changes in soil compaction (porosity) on the
prediction of relative subsidence of collapsible soils is
analysed. For this purpose, model prediction results for five
soil porosities of a loessy clay collapsible soil with a soil
texture constant K=0.09 are shown. The results are in
agreement with the criteria that collapsible soils are more
susceptible to subsidence when they are in a loose state and
have a low degree of saturation, and complies well with

previous findings such as Feda [33], Jennings and Knight [34]
and others.
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Fig. 4 Variation of Ah/hy with &', . @ 1 GHz of a typical collapsible
soil for different soil texture (a) and for different values of soil
porosity/dry density (b) [results obtained using (16)]

The accuracy of prediction of the new relative subsidence
model is evaluated with 36 experimental subsidence tests on
the collapsible soil at natural loose condition ¢, = 0.83,
stressed with 300 kPa, and with different initial complex
dielectric permittivities, Figs. 5 and 6.

In Fig. 5 (a), plot of the relative subsidence with time of the
different specimens recorded immediately after inundation
with distilled water is presented. As expected the specimens
with a higher measured initial &', .y @ 1 GHz (measured before
inundation with distilled water) exhibit a lower relative
subsidence and vice versa.

In Figs. 5 (b) and (c), the measured frequency dependence
of the relative effective complex dielectric permittivity &%, .5
(dielectric spectra) of the collapsible soil at five soil initial
conditions (different moisture contents) is represented. In
principle, the open-ended coaxial probe and the calibration
procedure used enables an accurate determination of the
frequency dependence of the effective complex dielectric
permittivity. As expected, apart from the measurements with
low complex dielectric permittivity (which corresponds to low
soil moisture content) a good signal-to-noise ratio is recorded
for all the measurements in the considered frequency range.

In general, clay minerals exhibit high variations of electrical
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permittivity with frequency, the phenomenon of which is
called dielectric dispersion or relaxation. The magnitude of
dielectric dispersion in the frequency range 0.1 MHz-1 GHz is
defined as the difference in magnitude at high and low
frequencies at which the relative effective complex dielectric
permittivity curve levels off. This value has been shown to be
highly influenced by the mineralogical and mineral solution
interface characteristics of the soil [58]. As expected, a high
frequency dependence of ¢*,.; , especially at low frequencies
[21], is observed for the studied collapsible soil, due to its
considerable clay fraction (34 wt.%). Moreover, a strong
decrease in the imaginary part ", . as compared to the real
part &' of the relative effective complex dielectric
permittivity with increasing frequency is observed for all
cases, mainly due to electrical induced losses.

The plots of model prediction and experimental results of
relative subsidence with ¢’..y @ 1 GHz, and comparisons
between predicted and measured relative subsidence of the
collapsible soil are shown in Figs. 6 (a) and (b), respectively.
The experimental results match the prediction of relative
subsidence of the new model with good accuracy, and values
of -0.0003 (-ve = underestimation), 0.0032 and 0.0232 are
obtained for the bias, RMSE and NRMSE of relative
subsidence model prediction, respectively.
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Fig. 5 Plot of the relative subsidence with time of the collapsible soil

at different initial conditions (stressed at 300 kPa) (a) and plots of the
dielectric spectra for each respective initial condition (b) and (c)
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Fig. 6 Comparison between model prediction and experimental
results of Ah/hy with &', .4 @ 1 GHz (a) and predicted vs measured
Ah/hy (b) of the collapsible soil at natural loose condition e, = 0.83

and stressed with 300 kPa

V.CONCLUSIONS

A prediction model for relative subsidence of collapsible
soils based on measurements of dielectric permittivity was
proposed. With the new model, the relative subsidence of
collapsible soils upon wetting can be estimated using porosity,
specific gravity of soil solids and real part of the dielectric
permittivity. Unlike most relative subsidence prediction
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models, the new model does not require moisture content as an
input parameter, providing a useful tool in predicting the
relative subsidence of weak (collapsible) soil deposits in
geotechnical applications, where it is costly (such as in large
scale sub-surface analysis of weak deposits) or difficult to
obtain soil moisture content data. The accuracy of prediction
of the new model was validated by performing subsidence
tests on a collapsible soil at various initial conditions with
excellent results.
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