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Abstract - Collapsible soils, widely regarded as problematic soils, undergo large volume changes when subjected to saturation by
water, which in turn causes damage on the structures unwittingly built on such deposits. In this work, a new approach for the
monitoring of water caused deterioration process in collapsible soils based on experimental high frequency electromagnetic (HF-EM)
investigations with an open ended coaxial line technique is presented. The tests are performed in a one dimensional controlled loading
cell under simultaneous measurements of complex dielectric permittivity or conductivity, vertical stress, deformation and other soil
hydro-mechanical conditions. A strong increase in the values of complex dielectric permittivity of the collapsible soil was observed at a
critical water content, which triggered the collapse by means of chemical reactions of water with clay and/or silt bridges, which hold
and bind the relatively coarser grained particles in the soil structure. These reactions produce, changes in the soil structure, and a rise in
the concentration of Na*, Ca**, OH" and other alkali ions in the pore water solution, thus increasing the complex dielectric permittivity
of the soil. Furthermore, the variations of the complex dielectric permittivity of the collapsible soil with water content, porosity, matric
suction and vertical stress were studied independently and in different joint combinations, as the collapse mechanism is highly
influenced by soil hydro-mechanical conditions. In this regard, the physical relationship between HF-EM soil properties in terms of the
frequency dependent complex dielectric permittivity and soil hydro-mechanical conditions is theoretically analyzed with an advanced
theoretical HF-EM mixture model.
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1. Introduction

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 often unexpected settlements which often yield disastrous
consequences for structures unwittingly built on such deposits. Naturally occurring collapsible soils usually exist at or near
dry state as they are primarily found in arid and semi-arid regions of the world. The focus of this research is on dry un-
cemented collapsible soils which may be remolded or found in an undisturbed state in nature. The triggering mechanism
for the water-driven collapse in dry collapsible soils is attributed mainly to the weakening or softening of a portion of the
fine-grained fraction of soil, which exist as a bonding material for the larger-grained particles [1], and also due to the loss
of strength due to a reduction in matric suction as a result of wetting [2]. The matric potential is a measure of the bonding
forces between soil and water. The amount of total suction and the degree of saturation in soils are mainly used to describe
the hydraulic water conditions (soil-water characteristic curve — SWCC). Moreover, the SWCC is an important tool in the
study of the complex behavior of unsaturated soils [3].

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 [4]. 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
explain microscopic mechanisms of collapse during saturation due to physiochemical forces.
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HF-EM measurement techniques such as capacitance methods [5], ground penetrating radar (GPR) [6] or time domain
reflectometry (TDR) [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 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].

This paper documents the results of a laboratory experimental study to monitor water-driven deterioration process of
stressed collapsible soils using electromagnetic waves. One dimensional controlled loading tests, where water is introduced
at different stages of loading to simulate collapse of soil, are carried out with simultaneous measurements of complex
dielectric permittivity or conductivity, vertical stress and deformation. This is achieved by integrating an open ended
coaxial line with a one dimensional controlled loading setup apparatus. The influence of changes in water content, porosity
and matric suction on the electromagnetic properties of collapsible soils is investigated theoretically and experimentally, as
these factors play a vital role in the collapse mechanism of collapsible soils.

2. Electromagnetic Properties of Soil

2.1. Background

The response of a material to a traveling electromagnetic wave is characterized as dielectric permittivity. Soil can
be viewed as a dielectric with electromagnetic properties of magnetic permeability, permittivity and effective
conductivity [4]. Since most naturally occurring soils are non-ferromagnetic, the permittivity and effective
conductivity are able to fully describe the dielectric responses of soil in an electromagnetic field. These two properties
have been used to predict soil moisture, porosity and presence of contaminants [10, 11]. Permittivity is a complex
parameter, e*rert = 'reff - j €'refr, Where the real component &' e reflects the stored energy in the soil when it is exposed
to time harmonic electromagnetic field with angular frequency » = 2af [8]. While the imaginary part, &"rer =
&"'vtopcl(w €o), characterizes the Ohmic and polarization losses [12]. Here ¢"y and opoc/(w o) are the dielectric and
conductive losses respectively and & is the permittivity of free space [7, 13]. Generally, the polarization of the
material (in terms of complex effective permittivity) increases monotonically from microwaves to very low
frequencies.

2.2. Broadband Dielectric Mixture Model

The broadband theoretical frequency and temperature-dependent mixing rule suggested by Wagner et al. [9],
which is called advanced Lichtenecker and Rother Model (ALRM), Equations 1, is used to analyse the complex
dielectric permittivity of the collapsible soil.

sj’ig’n) = 0,20 (w,T) + (1 — n)e2®™ (w,T) + (n — ) (1)

where n is the soil porosity, 6 is the volumetric water content (m® m=3), ¢*, 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, [14]) is used to analyse the complex dielectric permittivity of
the studied collapsible soil, due to its comprehensive use of all soil phase forms and accuracy of prediction [7, 9, 15].
For a = 1/3, Equation 1 transforms to the Looyenga-Landau-Lifschitz model (LLLM) [16, 17].

ge = (1.01 + 0.44G,)? — 0.062 2)

£, = 3.03 +9.30 + 146.00% — 76.76° 3

The pore fluid is an aqueous solution, and the temperature, frequency and porosity-dependent relative effective
complex dielectric permittivity is obtained according to the modified Debye model [18, 19]. The equation suggested
by Dobson et al. [20], Equation 2, is used to obtain the relative real permittivity of the solid grain particles of the
studied collapsible soil. The term Gs in Equation 2 represents the specific gravity of solid particles. The prediction of
the ALRM and experimental findings in this research are further compared to the Topp et al. [13] model. According to
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Topp et al., the real apparent relative permittivity e, of soil can be obtained based on the volumetric water content 8 (m®m-
%) of the soil as shown in Equation 3.

3. Experimental Program

3.1. 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 [21]) are listed in Table 1. Phase content was determined quantitatively by combined X-ray
diffraction (XRD) and X-ray fluorescence (XRF) analysis.

Table 1: Geotechnical and physiochemical properties of the studied collapsible soil.

Property Value Property Value
Specific gravity (g cm?) 2.735 Classification (USCS)* CL
Initial water content w (%) 9.3 Organic content (%) 5.811

Liquid limit (%) 31.3 Lime content (%) 12.944
Plastic limit (%) 17.0 Tecosilicates (%) 44
Plastic index (%) 14.3 Mica (%) 25
Clay % (< 0.002 mm) 34 Smectite (%) 7
Silt % (0.002 - 0.063 mm) 51 Chlorite (%) 5
Sand % (0.063 - 2 mm) 15 Kaolinite (%) 3

* USCS unified soil classification system

3.2. Experimental Procedure and Test Setup

This section describes the experimental methodology and devices used to analyse the interrelationship between hydro-
mechanical properties, collapse mechanism and dielectric behavior of collapsible soils.

The effect of changes in water content and porosity of collapsible soil on the complex dielectric permittivity was
analysed experimentally by conducting complex dielectric permittivity measurements on the collapsible soil, with initial
void ratios of e; = 0.83 (natural loose condition) and e, = 0.43 (lab compacted condition), for the full range of soil
saturation. The soil specimens were incrementally wetted from air dry up to saturation with distilled water and were then
allowed to equilibrate for 48 hours. The soil bulk density, porosity, gravimetric water content and matric suction were
controlled, and the measurements were repeated at least three times for each specimen. Furthermore, the results were used
to analyse the variations of matric suction with complex dielectric permittivity of collapsible soils based on experimental
findings. The matric suction measurements of the collapsible soil used for electromagnetic tests, were performed using the
filter paper method as per ASTM D 5298 [22] guidelines. Care was taken when measuring matric suction, because intimate
contact between the filter paper and the soil is very important for the determination of matric suction by the filter paper
method. The filter paper water content measurements were performed by two persons in order to decrease the time during
which the filter papers are exposed to the laboratory atmosphere and, thus, the amount of moisture lost and gained during
measurements was kept to a minimum. The moisture content measurements were weighed to nearest 0.1 mg. accuracy, and
the matric suction was determined according to the appropriate filter paper calibration curves as given by ASTM D 5298
[22].

One dimensional loading tests on the collapsible soil at natural loose condition e, = 0.83 were performed in a
cylindrical test box having an inside dia. of 154 mm and with a specimen height of 60 mm, with a pressure controlled
loading machine, Figure 1. Electromagnetic measurements were taken simultaneously with the help of an open ended
coaxial line connected to a Sequid portable Stability Time Domain Reflectometer STDR-65 and fitted horizontally to the
test box to monitor the changes in complex dielectric permittivity, due to loading and during water-driven collapse of the
collapsible soil. The test box consists of an outer steel frame with an inner lining of plexi-glass. The outer frame avoids
lateral bending that may occur due to loading. The deformation behavior of collapsible soil depends considerably on the
stiffness of the walls of the test box. The use of plexi-glass 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. A digital linear transducer
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was used to record the deformation of specimen, which was stored in a data logger attached to the system. Two types
of one dimensional loading tests were performed. The first test was done on a collapsible soil at optimum moisture
condition (for maximum dry density from standard Proctor test), w = 0.18 g g%, to analyse the effect of changes in the
vertical stress on the complex dielectric permittivity of the collapsible soil. The specimen was loaded with predefined
loading steps up to a maximum of 400 kPa, and then followed with unloading back to initial condition. The
electromagnetic measurements were done before and after each load step to observe the changes in the complex
dielectric permittivity of the collapsible soil due to the load increments. The second, water-driven collapse test, was
performed on the collapsible soil which was initially at natural condition (w = 0.093 g g?). Afterwards, the specimen
was loaded by a stress of 50 kPa (equivalent to the in-situ soil overburden pressure) and then inundated with distilled
water from an overhead water reservoir [23] until saturation to monitor the progress of collapse of the specimen with
time. Complex dielectric permittivity measurements were taken at regular intervals throughout the test, to monitor
changes in the complex dielectric permittivity of the soil with the progression of specimen collapse.

L M load dial gauge
loading piston
) [R O]
displacement
transducer—— ]
open ended coaxial line
(complex dielectric permittivity)
soil sample
= \
bottom
drainage

Fig. 1: Experimental setup of one dimensional controlled loading test (left) and portable Sequid STDR-65 (right).

3.3. Determination of Soil Complex Dielectric Spectra

The broadband dielectric measurements were performed in the stable frequency range from 100 MHz to 1 GHz at
room temperature and atmospheric pressure by means of TDR technique with an open ended coaxial line [9]. A probe
with dia. of 2.2 mm and length of 175 mm connected via a coaxial cable to a Sequid STDR-65 device was used for the
measurements. The resolution of the STDR-65 is 10 ps and the sampling interval is 50 ns. The acquired step-like TDR
time-domain curves are pre-processed in the TDR and subsequently transmitted to a laptop computer, which
transforms the signals into the frequency domain using the Fast-Fourier Transform (FFT) and carries out the
calibration and permittivity calculations [24]. Prior to the measurements a two step calibration procedure was
performed to minimize errors in measurement resulting from device and setup. Initially, full one port three-term
calibration was done mechanically with (Open, Short, 50 Q-Match or Load) calibration standards following procedure
by Rhode & Schwarz N — 50 Q ZV-Z21. The second stage (permittivity calibration) was then performed by measuring
the complex scattering parameter Si1 of three materials: air, distilled water and a short circuit. Each calibration
standard was measured using 10 averages. The calculation of the relative effective complex dielectric permittivity
e*reft Was obtained as shown in Equation 4 [25]. The terms c¢;i in Equation 4 are three temperature and frequency
dependent complex calibration parameters obtained from the permittivity calibration and Si; is the measured complex
reflection coefficient of the soil.

c1(w, T)S11(w, T) — c3(w, T)
C3 ((1), T) - Sll((‘)l T)

g:,eff (0, T) =

4. Results and Discussion
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4.1. Variation of &% e with Water Content and Porosity of Collapsible Soil

The results of electromagnetic measurements on collapsible soil samples at natural loose condition (e,=0.83) and lab
compacted condition (e=0.43) are shown in Figure 2. In Figure 2 (top), variations of the real &', ¢ and imaginary &'’ e parts
of relative effective complex dielectric permittivity of collapsible soil at a measurement frequency of 1 GHz with
gravimetric water content w are presented. The values of the relative effective complex dielectric permittivity at a
particular frequency range of around 1 GHz are selected from the spectra in order to compare the dispersion and absorption
directly [25, 26, 27]. The results are compared to the ALRM presented in this study and the frequently used empirical
relationship suggested by Topp et al. [13]. Topp et al. determined the effective dielectric permittivity from TDR
measurements using 30 cm and 1 m long coaxial probes. Hence, a dependence of the effective measurement frequency on
moisture content is to be expected. With increasing moisture content, the effective measurement frequency which
corresponds to the apparent real relative permittivity of the TDR signal decreases due to low pass behavior in soils with
considerable clay fraction [28, 29]. This consequently affects the apparent permittivity of the soil.

35 a5 25
-~Topp et al. (1980) J 20 -~-Topp et al. (1980)
—ALRM, a=1/2 - — =

, % ALRM, a=1/2 20
------ ALRM, a=1/3
experimental result
(e5=0-

301

""" ALRM, a=1/3
experimental result
(e.=0.83)

—e—soil (e°:0.83)
--v-- soil (e,=0.43)

S.r,eff @ 1GHz
s'r off @ 1GHz
aur,eff @ 1GHz

f [Hz] f [Hz] f [Hz]

10°

f [Hz] f [Hz] f [Hz]
Fig. 2: Variation of ¢ and ¢ et With gravimetric water content w (top), e*rert and o'eit = &0 " ert @S functions of frequency f for
collapsible soil at loose natural condition e; = 0.83 (middle) and at lab compacted condition ey = 0.43 (bottom).

The measured ¢'rerr Of the collapsible soil at loose saturated condition (e,=0.83), e'ret @ 1 GHz = 29.42, is much higher
than that of the collapsible soil at lab compacted saturated condition (e0=0.43), e'rerr @ 1 GHz = 21.12, Figure 2 (top). This
is mainly due to the fact that the collapsible soil at loose saturated condition (comparatively with a higher void ratio), has a
relatively higher amount of liquid phase (pore fluid) at saturated condition, which results in a much better conducting
pathway for dielectric permittivity or conductivity, and hence a higher &' is obtained [30, 31]. However, the difference
between the measured &, Of the collapsible soil at loose saturated condition (€0=0.83), &"ref @ 1 GHz = 22.57, and the
collapsible soil at lab compacted saturated condition (€0=0.43), ¢"rerr @ 1 GHz = 21.34, is relatively insignificant. The &'’ s
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of the soil is mainly influenced by the amount of dissolved solutes in the pore water solution and the corresponding
Ohmic and polarization losses [12, 31] when the soil is subjected to an electromagnetic wave, which are both not
significantly affected by changes in soil porosity. All three models i.e. the ALRM with a = 1/2 & a = 1/3 and the Topp
et al. model, underestimate the measured &' for a wide range of soil saturation, Figure 2 (top). However, the ALRM
with a = 1/2 and the Topp et al. model provide a better match with experimental data for gravimetric water content w
between 0-0.10 g g and 0.23-0.30 g g* for collapsible soil with e,=0.83, and between 0-0.07 g g* for collapsible soil
with €0=0.43, as compared to the ALRM with a = 1/3.

In Figure 2 (middle and bottom), the frequency dependence of the relative effective complex dielectric
permittivity ¢*: ¢ OF the investigated collapsible soil at different levels of soil saturation is presented. As is the case in
clay minerals, collapsible soils show variations in the complex dielectric permittivity and effective conductivity with
changes in frequency, the phenomenon of which is called dielectric dispersion or relaxation. This is attributed
primarily to certain polarization mechanisms, and the corresponding curves are known as dielectric spectra [10]. 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 [10].
In principle, the open-ended coaxial probe and the calibration procedure used to perform the measurements enable an
accurate determination of the frequency dependence of the effective complex dielectric permittivity.

4.2. Variation of €% e with Matric Suction of Collapsible Soil

Very few experimental investigations are present regarding the influence of soil suction on the electromagnetic
material properties of unsaturated soils [26, 27]. In this research, experimental results of simultaneous measurements
of complex dielectric permittivity and matric suction of collapsible soil are presented. In Figure 3, results depicting the
variations between gravimetric water content w, matric suction wy, and complex dielectric permittivity &* e are shown.
For both initial void ratios (e,=0.83 and e,=0.43), the recorded values of the &' ¢ are similar at the start of the wetting
procedure (dry condition). As the matric suction wm of the soils is lowered beyond the water entry value (WEV) and
then further towards full saturation by increasing the gravimetric water content w, the measured ¢’ ¢ at natural loose
condition increases rapidly as compared to that of the collapsible soil at lab compacted condition, due to its higher
void ratio and hence higher amount of entrapped pore water resulting in better conducting pathways for dielectric
permittivity or conductivity, Figure 3 (middle). The noticeable increase seen in the measured &' e Of the loose
collapsible soil at or near saturated state, is rather absent in the values recorded for the &"rerr, as the &'rert is not
significantly affected by changes in soil porosity, Figure 3 (right). Rather the &"r¢r Of soil represents the Ohmic and
polarization losses associated with the amount of solutes dissolved in the pore water solution of the soil, which are
both not significantly influenced by changes in soil porosity.

0.4 35 35 _
e experimental result, 90:0.83 . expgrismental result, . expgréngental result,
=0. e =0.i
—fitting curve, e,=0.83 30 &y 30 0
0.3 N —fitting curve, e0:0.83 —fitting curve, 90:0.83
. v experimental result, eD:O.43 ~N 25 i N 25 X
" _ T L + ©xperimental result, T - eerrlmemaI result,
o N fitting curve, e =0.43 9 20 E sy N ,70.43 9 20 = ~ €,=0.43
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Fig. 3: SWCC (left), variation of &'rerr (middle) and & er (right) with matric suction wm of collapsible soil with eo= 0.83 and eo = 0.43.

4.3. Variation of €% ¢ with Applied Vertical Stress of Collapsible Soil

Figure 4 shows the results of electromagnetic measurements taken during a one dimensional controlled loading
test on a collapsible soil at natural loose condition e, = 0.83 and with optimum moisture content for maximum dry
density from standard Proctor test (w = 0.18 g g). The &*e of the collapsible soil increases with load until the
maximum applied stress of 400 kPa is reached, Figure 4 (top). The rise in the measured &*.e is particularly evident
during the onset of stress change. The increase in the ¢*.¢ Of the collapsible soil is attributed to the changes in soil
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structure and rearrangement of the solid grains upon loading, with a resulting better grain to grain contact and increased
volumetric water content of soil (removal of entrapped pore air during specimen deformation). This produces an increase
in the contact points between solid grains and pore water (seen by the increase in the values of the measured &'rer) as well
as contact points between solid grains and dissolved solutes (seen by the increase in the values of the measured &' ef).
Whereas, as expected, during the unloading stage, insignificant changes in the &*. ¢« of the collapsible soil are recorded,
due to the low deformation recovery (elasticity) of collapsible soils upon unloading, which in turn produces negligible

changes in the soil structure.
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Fig. 4: Plot of time with ¢*.¢ and deformation (top-left), vertical stress with ¢ *¢ and vertical strain of sample (top-right) and &*rer &
o't =w o &"r et @S functions of frequency f (bottom) of a loading test on a soil at optimum moisture condition (w = 0.18 g g2).

4.4, Variation of €% ¢ During a Water-driven Deterioration Process of Collapsible Soil
Figure 5 shows the results of one dimensional collapse test on a collapsible soil at natural loose condition e, = 0.83

and with initial gravimetric water content w = 0.093 g g upon wetting at a stress level of 50 kPa.
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Fig. 5: Plot of time with ¢*.¢+ and deformation (top-left), micro-structure of a hydro-collapsible soil before and after collapse triggered
by inundation (top-right) and &*r ¢t & o'eit = &0 &' erras functions of frequency f (bottom) of a collapse test at a stress level of 50 kPa.

It can be seen that the measured ¢*.. Of the collapsible soil increases rapidly when water is introduced to the
specimen in the test box. Casagrande [1] has demonstrated that a portion of the fine-grained fraction of the soil exists
as bonding material for the larger-grained particles and that these bonds undergo local compression in the small gaps
between adjacent grains resulting in the development of strength, Figure 5 (top-right). When the loaded soil is exposed
to moisture, and a certain critical moisture content is reached, the fine silt or clay bridges that are providing the
cementation will soften, weaken and/or dissolve to some extent. Eventually, the binders reach a stage where they no
longer resist deformation forces and the structure collapses [32]. As the water molecules react and dissolve the clay
and/or silt bridges, the concentration of Na*, Ca™, OH" and other alkali ions in the pore water solution increases
rapidly, producing a rapid increase in the recorded values of complex dielectric permittivity. The rate of increase of the
measured ¢*er iS higher at the beginning of the start of inundation, but then gradually slows down during the latter
stages of the test. This is attributed to the fact that, the rate at which the water molecules react with the fine cementing
particles is very high at the initial stage of inundation, but then gradually slows down to a minimum within a time
frame of around 1 to 2 hours. In particular, the increase in the measured values of &";e during sample collapse is much
higher as compared to that of the &' ¢, Figure 5 (top-left), due to the rapid increase in the amount of dissolved solutes
in the pore water solution during the water-driven collapse process which in turn increases the Ohmic and polarization
losses in the soil.

5. Conclusion

In this study, a new approach for the monitoring of water-driven collapse process in stressed collapsible soils
based on experimental high frequency electromagnetic (HF-EM) investigations, conducted by fitting an open ended
coaxial line horizontally in to a one dimensional loading device was presented. The variations of complex dielectric
permittivity ¢* e Of collapsible soils with changes in moisture content, porosity, matric suction and applied stress was
investigated, as the collapse behavior is highly affected by changes in the soil hydro-mechanical conditions. The work
presented in this research provides a platform for the identification and improvement of weak deposits such as
collapsible soils by using the widely applicable and easy to use HF-EM techniques, such as time domain reflectometry
(TDR).
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