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Preface

This book addresses recent advances in electrical resistivity and conductivity modelling, measurement,
estimation and sensing methods and implications. Electrical conductivity and electrical resistivity are
very important properties for various materials. Water’s purity, materials” sorting, chemical composi-
tion of substances, efficient metals’ heat treatment examination, crystalline structures’ stress state and
heat damage prediction could be measured and estimated from the information of electrical conductivi-
ty. Electrical resistivity is the inverse of conductivity and acts as resistance of a material to the electrical
current’s stream through it, bringing about a change of electrical energy into different types of energy.
The measure of resistance relies upon the kind of material. Materials with low resistivity are great trans-
mitters of power, whereas materials with high resistivity are great separators. The number of atomic
lattice structure’s imperfection such as dislocations, vacancies, interstitial defects and impurity atoms
causes temperature’s increase and resistivity’s increase as well. Motivated by the importance of electri-
cal resistivity and conductivity, some important experts in this field grasp most recent researches in this
book. The chapters are selected for this book to reflect current variable techniques, new concepts and
methods related to the book’s topic from different perspectives. This book introduces innovative case
studies for “Electrical Resistivity Sensing Methods and Implications”, “Resistivity Model of Frozen Soil
and High-Density Resistivity Method for Exploration of Discontinuous Permafrost”, Measurement of
the Electrical Resistivity for Unconventional Structures”, Estimation of Hydrological Parameters from
Geoelectric Measurements" and Assessment of Cryoprotectant Concentration by Electrical Conductivity
Measurement and Its Applications in Cryopreservation". These recent advances are well prepared and
presented in the form of six chapters as the following:

Chapter (1): Introductory Chapter (Recent Advances)

Chapter (2): Electrical Resistivity Sensing Methods and Implications

Chapter (3): Resistivity Model of Frozen Soil and High-Density Resistivity Method for Explora-
tion of Discontinuous Permafrost

Chapter (4): Measurement of the Electrical Resistivity for Unconventional Structures

Chapter (5): Estimation of Hydrological Parameters from Geoelectric Measurements

Chapter (6): Assessment of Cryoprotectant Concentration by Electrical Conductivity Measure-
ment and Its Applications in Cryopreservation

Dr. Adel El-Shahat,

Senior IEEE Member

Assistant Professor, Department of Electrical Engineering

Founder and Director of Innovative Power Electronics and Nano-Grids Research Lab (IPENG)
Georgia Southern University, Statesboro, Georgia, USA






Chapter 1

Introductory Chapter: Recent Advances

Adel El-Shahat

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69046

This book proposes the most important researches in electrical resistivity and conductivity mod-
eling, measurement, estimation and sensing methods, and implications. Electrical conductivity
and electrical resistivity are very important properties for different materials. The goal of the
book achieved via presenting new and modern case studies for sensing methods of electrical
resistivity, resistivity modeling of frozen soil, measurement of the electrical resistivity for uncon-
ventional structures, estimation of hydrological parameters from geoelectric measurements, and
assessment of cryoprotectant concentration by electrical conductivity measurement. It presents
different methods to measure resistivity for both liquid and solid materials by explaining two,
three, and four pole as well as toroidal resistivity cells. The special case of sheet material resistiv-
ity and resistance is explained in more detail, and equation for that special problem is simpli-
fied. It further provides information on common experimental errors, and a short guideline to
improve the reliability and accuracy of the measurements. The way to experimentally determine
the cell constant of a cell is described and the necessity for calibration is clearly explained too.
Also, it provides information to overcome the standard problem of polarization, when the resis-
tivity of solutions with high ionic content is investigated. After that, it explores the conduction
characteristics of permafrost. A theoretical model and an experimental study to analyze the fac-
tors affecting the resistivity of permafrost are established and implemented. The study region
was the permafrost degeneration area in the Northeast China. A permafrost profile map was
drawn based on data from engineering drilling and an analysis of factors that influence perma-
frost resistivity. The reliability of the permafrost profile map was verified by an analysis of tem-
perature data taken at measured points at different depths of the soil profile. Then, it introduces
a device for measurement of the concrete structures” electrical volume resistivity. A quench pro-
tection active system (QPS) working in tandem with a superconducting coil structure (SCS), in
order to prevent the damaging effects when the coil structures passing from the superconduct-
ing state in order to switch to normal-conduction state (quench), is presented as well. Moreover,
it establishes experimental relationship between hydraulic transmissivity and hydraulic con-
ductivity with Dar-Zarrouk parameter in porous media, transverse resistance (TR), in addition
to a characterization of the water quality through the electrical resistivity. The determination

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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of hydraulic transmissivity and hydraulic conductivity is important for the development and
management of groundwater exploitation of the study area. Finally, it illustrates an important
application of the electrical conductivity measurement in cryopreservation. Cryopreservation
is the way to cool the biological materials down to dormant state at low temperatures for long-
term storage. This is done in order to reduce the cryo-injury to the cells during cryopreservation,
cryoprotective agents (CPAs) should be added before freezing and removed after thawing prior
to cell infusion due to the cytotoxicity of CPAs. The electrical conductivity measurement is used
to assess the CPA concentration in cryopreservation. Measurement of electrical conductivity is
validated as a safer and easier way to online and real-time monitoring of CPA concentration in
cell suspensions, as well. Electrical resistivity and conductivity are proposed recently adopted
different techniques and trends like: determining the magnitude of soil [1], in investigating
frozen soil at Canada [2], in exploring frozen and petroleum polluted soils [3], in examining
unfrozen water with ice substance with testing and algebraic equation implementation [4], in
checking silty mud at various temperatures [5], in utilizing and examining the spatial appropria-
tion of the island-shaped permafrost layer [6], in investigating the index of chemical weathering
[7], in making initial experiments to make a relation in other different natural soil parameters
using 79 samples of soil extracted from 10 boreholes [8], in illustrating and correlating clayey-
soils’ properties using 54 soil samples [9], and different techniques are adopted to estimate the
content of water in soil with the aid of efficient electrical resistivity survey [10].

Finally, the rest of the book’s chapters with their brief descriptions are shown in the following:

The second chapter, “Electrical Resistivity Sensing Methods and Implications,” introduces
basic operating principles of different methods to measure resistivity for both liquid and
solid materials. It illustrates two, three, and four pole as well as toroidal resistivity cells. The
van der Pauw technique is used as a step by step procedure to estimate the resistivity of
a material with no arbitrary shape. The special case of sheet material resistivity and resis-
tance is explained in more detail and equation for that special problem is simplified. It further
provides information on common experimental errors and a short guideline to improve the
reliability and accuracy of the measurements. The implications and challenges faced during
resistivity measurements are explored and explained with ways to compensate for errors due
to temperature and capacitance changes. In addition, the way to experimentally determine
the cell constant of a cell is described and the necessity for calibration is clearly explained.
It further provides information to overcome the standard problem of polarization when the
resistivity of solutions with high ionic content is investigated.

The third chapter, “Resistivity Model of Frozen Soil and High-density Resistivity Method
for Exploration,” explores the conduction characteristics of permafrost. A theoretical model
and an experimental study to analyze the factors affecting the resistivity of permafrost are
established and implemented. The experimental study results are used to validate the ratio-
nality of the model of permafrost resistivity. To analyze differences in conductivity between
underground media, a high-density resistivity (HDR) method is used, which infers the stor-
age of underground geologic bodies with different resistivity based on the distribution of
a conduction current under the electric field action. The study region was the permafrost
degeneration area in the Northeast China. A permafrost profile map was drawn based on data
from engineering drilling and an analysis of factors that influence permafrost resistivity. The
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reliability of the permafrost profile map was verified by an analysis of temperature data taken
at measured points at different depths of the soil profile.

The fourth chapter, “Measurement of the Electrical Resistivity for Unconventional Structures,”
presents an apparatus for measurement of the concrete structures’ electrical volume resistivity to
operate at 500 Hz, within range of 5-100 2 m for probe/concrete sample’s interface. Also, a quench
protection active system (QPS) working in tandem with a superconducting coil structures (SCS),
in order to prevent the damaging effects when the coil structures passing from the superconduct-
ing state in order to switch to normal conduction state (quench), is presented. This chapter pro-
poses experimentation of yttrium barium copper oxide (YBCO) tape’s SCS with high temperature
superconductor (HTS) type at 92 K temperature value as well. Finally, it shows measurement of
the electrical resistance of the sensing element (SE) as a part of the resistive type gas sensor.

The fifth chapter, “Estimation of Hydrological Parameters from Geoelectric Measurements,”
proposes to establish an empirical relationship between hydraulic transmissivity (T) and
hydraulic conductivity (K) with Dar-Zarrouk parameter in porous media, transverse resistance
(TR), in addition to a characterization of the water quality through the electrical resistivity. This
parameter is estimated from surface resistivity measurements, which are more economical in
relation to the pumping tests, thus T was characterized in the study area. The reasons behind
that are: in the coastal aquifer of the lower part of the right bank of the river Sinaloa, there is
a need for fresh water for agricultural development because around 15% of the water used in
agricultural irrigation is from underground sources. This situation is exacerbated during peri-
ods of drought, which promotes drilling with the risk of finding brackish water in them, besides
this, there is the risk of not meeting water demand due to low hydraulic transmissivity (T) of
the aquifer, putting at risk the drilling costs implied. In this sense, the determination of T and
K (hydraulic conductivity) is important for the development and management of groundwater
exploitation of the study area. Generally, by means of pumping tests in wells T is obtained, with
high costs, so there are few values of T. K is generally obtained by wells and laboratory test.

The sixth chapter, “Assessment of Cryoprotectant Concentration by Electrical Conductivity
Measurement and its Applications in Cryopreservation,” presents an important application of
the electrical conductivity measurement in cryopreservation. Cryopreservation is the way to
cool the biological materials down to dormant state at low temperatures (such as—80 or -196°C,
the temperature of liquid nitrogen) for long-term storage and later thaw them back to the nor-
mal physiological temperatures before usage with recovered viability and functionalities of
the cells and tissues. In order to reduce the cryo-injury to the cells during cryopreservation,
cryoprotective agents (CPAs) should be added before freezing and removed after thawing
prior to cell infusion due to the cytotoxicity of CPAs. In this chapter, the electrical conductivity
measurement was applied to assess the CPA concentration in cryopreservation. The standard
correlations between the CPA concentration and the electrical conductivity of the solutions
(including CPA-NaCl-water ternary solutions and CPA-albumin-NaCl-water quaternary solu-
tions) were experimentally obtained for a few mostly used CPAs, including dimethyl sulfox-
ide (DMSO or Me2SO), ethylene glycol (EG), and glycerol. Then, a novel “dilution-filtration”
system with hollow fiber dialyzer was designed and applied to remove the CPA from the solu-
tions effectively. Measurement of electrical conductivity was validated as a safer and easier
way to online and real-time monitoring of CPA concentration in cell suspensions.
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Electrical Resistivity Sensing Methods and Implications

Marios Sophocleous

Additional information is available at the end of the chapter
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Abstract

This chapter discusses and explains the basic operating principles of various measuring
methods of resistivity for materials in both liquid and solid phase. It provides explana-
tions for two-, three-, and four-pole as well as toroidal resistivity cells. The van der Pauw
technique is explored as a step-by-step procedure to estimate the resistivity of a material
with no arbitrary shape. The special case of sheet material resistivity and resistance is
explained in more detail, and equation for that special problem is simplified. It further
provides information on common experimental errors and a short guideline to improve
the reliability and accuracy of the measurements. The implications and challenges faced
during resistivity measurements are explored and explained with ways to compensate
for errors due to temperature and capacitance changes. In addition, the way to experi-
mentally determine the cell constant of a cell is described and the necessity for calibra-
tion is clearly explained. It further provides information to overcome the standard
problem of polarisation when the resistivity of solutions with high ionic content is
investigated.

Keywords: resistivity sensors, resistivity measurement techniques, impedance, fringing,
cell constant

1. Introduction

Electrical resistivity is defined as the ability of the material to resist the flow of electricity.
Resistivity is calculated using Ohm’s law when dealing with the material is homogeneous
and isotropic. To provide a more accurate version of resistivity that can be applied for every
material, the more general form of Ohm’s law is used [1]:

E=p] ey

In this equation, E is a vector that represents the electric field generated in the material (V/m), |
is also a vector that represents the current density within the material (A/m?), and p is a
tensor which is basically the proportionality coefficient ((QQm).

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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Eq. (1) is Ohm’s law in a more general context where E and | are vectors, and p is a tensor. This
indicates that the current does not necessarily flow in the direction of the applied electric field.
If it is assumed that the sample is homogeneous, meaning that it has the same properties
everywhere, and that the material is isotropic, meaning that the material has the same proper-
ties in all directions, then p becomes a scalar. This is not always a valid assumption though.

In this chapter, isotropic and homogeneous materials are assumed, so p is considered to be a
scalar. Considering the bar-shaped sample in Figure 1:

The electric field (E) generated in the material is calculated by dividing the potential difference
(V) between the two sides, by the distance (I) over which the voltage is applied [1]:
14

E=- @)

The current density ] is defined as the current I(A) flowing through the material, divided by
the cross-sectional area A(m?) through which the current flows [1]:

J== )

Area (A) in Figure 1 is equal to the width w (m) times the height & (m). Combining the
equations above, we get [1]:

Ipl
v== (4)
If resistance is defined as:
I
R=p—
P2 (%)
|
| |
A
h
L 4
4
W
Voltage
source Ammeter

Figure 1. General two-point resistivity measuring technique [1].
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Then, when Egs. (4) and (5) are combined [1]:
V=IR (6)

Iis the current (A) flowing through the specific sample, V is the voltage (V) applied across this
specific sample, and R is the resistance (Q) of this specific sample.

Any changes in size and shape of the sample can cause changes in its total resistance, while
those changes will not affect the resistivity of the sample since that is a property of the material
alone. Conductivity (o) is in principle the same property of the material, but it is calculated as
the inverse of resistivity, and it is measured in Siemens per metre (S/m).

2. Resistivity measurement techniques

There are two main techniques to measure the resistivity of a material, either in liquid or in
solid phase. The two techniques are the inductive and the contact-based methods.

2.1. Inductive or toroidal resistivity

The toroidal resistivity cell is based on the principle of inducing a current from one coil to
another. The level of the induced current will be proportional to the resistivity of the medium
inserted within the coils (Figure 2).

The main advantage of toroidal conductivity cell is that the coils do not come in contact with
the solution. They are usually surrounded by a polymeric material. This allows the use of the
cell in media where direct contact will damage the cell. While this is an advantage, toroidal
cells lack sensitivity due to the absence of direct contact. Furthermore, toroidal cells are
typically larger and the solution current induced by the toroid occupies a volume around
the sensor. Hereafter, toroidal cells need more surrounding space and therefore are mounted
in larger pipes [2].

Induced current

Input AC dependent on the
voltage resistivity of the
sample
Sample Drive Pick-up

coil e e - . _coil

¢ 5
“emeae__ Cureent __--T

“feld T

Figure 2. Toroidal resistivity cell [2].
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2.2. Contacting resistivity

Contacting resistivity cells use two metals or graphite electrodes in contact with the sample,
whether that is in liquid or solid phase. An AC current is applied to the electrodes by the
electronic instrumentation, and the resulting AC voltage is recorded. This technique can
measure down to pure water resistivity. The main downside of this cell type is that the cell is
susceptible to coating and corrosion, which severely decreases the performance of the cell. In
cases where the sample is a solution of high ionic content, polarisation effects will arise and
result in non-linearity of measurements [2]. Further explanation on polarisation is provided
later in this chapter.

2.2.1. Two-pole cells

In the standard two electrodes cell, an alternating current is applied between the two poles
using a current source, while the resulting voltage is recorded (Figure 3).

Knowing the voltage and current across the two electrodes at low frequencies where the
capacitance between the electrodes has no effect on the measurement, the resistance between
the two electrodes can be calculated. Although the calculated resistance includes the resis-
tance of the electrodes as well, in cases where the sample is a solution, its resistance is much
higher than the resistance of the electrodes, and therefore, it can be neglected. Furthermore,
in the attempt to measure the sample only, the impedance caused by polarisation of the
electrodes and the field effects, interfere with the measurement, and both impedances are
measured.

2.2.2. Three-pole cells

The three-pole cell is not as popular now as it has been replaced by the four-pole one. The
purpose for adding the third pole was to direct and constrain the electric field lines. That
minimises the effect of having special field fluctuations and eliminates the influences of
external factors, such as the size of the beaker and the distance between the beaker walls
and the poles, on the resistivity measurements. It provides more reproducible measurements
when determining the cell constant and therefore more reproducible results.

Current

¥

Voltage

A

T I D ]

Electrode Sample Electrode
impedance impedance impedance

Figure 3. General electronic configuration of a two-pole resistivity cell [2].
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2.2.3. Four-pole cells

In a four-pole cell (Figure 4), the current is applied to the outer electrodes in such a way that a
constant potential difference is maintained between the inner electrodes. As this voltage
measurement takes place with a negligible current, these two electrodes are not polarised,
and therefore, their resistance is effectively zero. There are cases where the current applied to
the outer electrodes is kept constant, and the voltage is measured between the two inner poles.
In that case, the resistivity is directly proportional to the voltage measured. The four-pole
method is usually used within an insulating tube. This technique minimises the beaker field
effect because the electric field is constrained within the tube walls and because the volume of
the material is well defined. Simultaneously, this eliminated the problem of the electric field
being affected by the beaker walls. Therefore, the position of the cell in the beaker becomes
irrelevant.

Ideally, electrodes placed at specific distances with a known effective surface area. The dis-
tances between the electrodes can define the cell constant based on the electric fields built up as
shown in Figure 5:

The cell constant can be calculated using Poisson’s equation:

w8

Some specific approaches are shown in Figure 6 where 4 is the distance between the electrodes
(m) and n is an integer to show that it is a multiple of d.

Current

Electrode Sample Electrode
impedance impedance impedance
3 4
+ Voltage >

Figure 4. Four-pole resistivity cell [2].
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Current Source Voltmeter
A B C D
r
r2 —_—
r3
r4
Current Electrodes Voltage Electrodes

Figure 5. General electrode positioning for the four-pole resistivity cell [3].

Wenner Wenner-Schlumberger
A c.D B
Leqeyel A T L
Dipole-Dipole Pole-Dipole Pole-Pole
T Cr I T A e I S S

Figure 6. Typical electrode configurations for four-pole resistivity [3].

2.2.3.1. Sheet resistance measurements

There are cases where the resistance of sheets or films of various materials is of interest. In
those cases, the sheet resistance is usually used to compare between different thin films of
materials. The easiest way to measure sheet resistance is to make the material into a square film

having equal length and width. Therefore, just like the bar sample in Figure 1, the resistivity
can be calculated by [1]:

Vwh
P=— (8)

where p is the sample resistivity (Wm), V is the voltage measured by the voltmeter (V), w is the
width of the sample (m), & is the thickness of the sample (m), I is the current the ammeter
measures flowing through the sample (A), and ! is the length of the film (m).

When the width is equal to the length, then Eq. (8) becomes [1]:

Vh
P =T )
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The “sheet resistivity” is the resistivity of a square film of material and is represented by the
symbol p,,. The “sheet resistance” R, is generally defined by [1]:

Ri=Ry=— (10)

where V is the voltage measured by the voltmeter (V) and I is the current the ammeter
measures flowing through the sample (A).

General units of sheet resistance are ohms (), but in order to distinguish between resistance
and sheet resistance, people most commonly use () per square) or ((}/square). In reality, sheet
resistance is exactly the same as the resistance of a square film of a material. What makes sheet
resistance interesting is that it is independent of the size of the square and the thickness of the
sheet is not required to measure sheet resistance.

It is also a common technique to measure the resistance of films of arbitrary size and shape.
This is usually done by pressing four collinear and equally spaced contacts into the film. The
width and length of those contacts must be much greater than the distance between the
contacts. In this case, sheet resistance can be calculated using [3]:

Ry = 4.532% (11)

where V is the voltage measured across the two inner contacts (V), and I is the current applied
through the two outer contacts (A).

It is understood that it will be very difficult to always fulfil these requirements for the contact
size and distance between them. Under those circumstances, geometric correction factors are
used to compensate in order to accurately measure the sheet resistance. These correction
factors are available for the most commonly faced sample geometries [3].

2.2.3.2. Van der Pauw technique

Ideally, samples can have or can be made into convenient shapes to allow the use of the four-
pole cell to measure their resistivity. There are also cases that the samples are of arbitrary shape
and the sample might be damaged in the attempt to make it into the desired shape. Therefore,
another technique called van der Pauw technique [1] is used. There are five conditions to be
fulfilled in order to correctly use that technique:

1. Flat shape of uniform thickness.
No secluded holes.
Homogeneous and isotropic.

All four contacts must be located at the edges.

g Rk » DN

Contact area of any individual contact must be at least an order of magnitude smaller than
the area of the entire sample.
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When the samples are very small, the dimensional constrains for the van der Pauw method are
not feasible, and therefore, some compensation is required.

The general step-by-step procedure for doing a van der Pauw measurement is as follows:

1.

Define resistance Ry, cq = Vea/lw, where V; = V. — V,; and is the voltage between points ¢
and d, while I, is the current flowing from contact a to contact b.

Measure the resistances of four points on the sample (R34 and Rzp 41). Define Ry as the
higher of these two resistances and R;, as the lower of these two resistances.

Find ratio Ry/R;, and solve the function ARp/Ry).

Calculate the resistivity p, using:

_ md(Ry + Re)f (Ru/Ry)
px - In4 (12)

where p, is the resistivity (Wm), d is the thickness of the sample (m), resistances Ry; and R,
are measured in W, and In 4 is approximately 1.3863.

It is not necessary to measure the width or length of the sample.

Alter the contact points to measure R4312 and Rys23. And then repeat steps 3 and 4 to
calculate p, using these new values for Ry and R;. If the two resistivities p, and p,, are not
within 10% of each other, then either the contacts are bad or the sample is non-uniform.
Try making using new contacts. If the two resistivities are within 10% of each other, the
best estimate of the material resistivity p is the average:

+
p= (px 5 py) (13)

The function f(Ry/Ry) is defined by the transcendental equation:

—In4(Rp/Ry)
1+ (Rer/Rp)In{1 — 4~ [+Ra/RUA™ ]

f(Ru/Ry) = (14)

2.2.4. Platinised cells

Platinised cells are most commonly used for measuring the resistivity of solutions. In solu-

tions, the polarisation effect is of high importance due to the accumulation of ions near the

surface of the electrodes. One way to minimise the polarisation effect is to decrease the
current density. Current density can be decreased by increasing the electrochemical surface
area of the electrodes. The most convenient and common way to do that is to cover the
electrodes with platinum black. Platinised cells are very powerful because their cell constant
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is linear over 2-3 decades of resistivity, while without platinum black it is only linear for
approximately one decade. If platinum black is damaged or scratched, it will alter the cell
constant and the properties of the cell. A minor shortcoming of platinised cells is that the cell
constant tends to drift faster when compared with non-platinised cells. It is advisable to use
platinum black for measurements in non-viscous samples, without suspensions and frequent
calibrations.

2.2.5. Flow through cells

There are cases when the real-time resistivity of a small volume of flowing liquid is of interest.
Flow through type resistivity cells are designed for those cases. These cells are customised for
this kind of measurements but show several disadvantages. The most common problem with
flow through cells is that they need a closed liquid system protected from air. In particular,
for pure water resistivity measurements, it is very important to use a flow cell since contact
with air will dissolve carbon dioxide and for carbonate ions changing the resistivity of the
sample [4].

2.3. Cell-type comparisons and ranges

A short comparison between the classical two-pole resistivity cell and the more advanced four-
pole resistivity cell is shown in Table 1:

Different conductivity cells have different properties, and the cell type must be chosen
depending on the application. The measurement range over which the cell stays linear gets
broader as the number of poles increases. Platinised poles also contribute to increasing the
measurement span in which the cell is linear (Figure 7).

Advantages Disadvantages

Two-pole cell

1.  Simple. 1. Field effects must be in the centre of

2. Cheap. the vessel.

3. Good with viscous media or samples with suspension. 2. Only cells with no bridge between
the plates.

3. Polarisation issues in high conduc-
tivity samples.

4.  Calibration over a very small range.
Four-pole cell
Linear over a wide conductivity range. 1. Unsuitable for micro-samples
Allows calibration and measurement in different ranges. depth of immersion 34 cm.

1

2

3. Canbe used for flow through or immersion type cells.

4 Ideal for high conductivity medium can be used for low conductivity
measurements if cell capacitance is compensated.

Table 1. Comparison between two-pole and four-pole resistivity cells [2].



14

Electrical Resistivity and Conductivity

wsfem mSfcm
0.1 1 10 100 1 10 100 1000

Mon-Platinised
2 Electrodes

3 Electrodes
4 Electrodes
e | L L]
2 Electrodes
0 .. ! I I ! ||
-l ! 4+ ! ! ! ||

3 Electrodes

4 Electrodes

- Operable - Not Operable

Figure 7. Operational ranges of several resistivity cell types [2].

3. Measurement implications

3.1. Calibration and cell constant calculation

Calibration of resistivity cells is important because it calculates the correct value of the cell
constant in your working conditions. The cell constant is a factor that is used to convert the
measured resistance to resistivity.

The cell constant is calculated by dividing the distance between the two poles by the cross-
sectional area of the poles. Therefore, the cell constant is ideally, determined by the geometry
of the cell. In reality, due to the fact that the cross-sectional area of the poles is not the actual
electrochemical area (in case of liquids), the cell constant can only be measured experimentally
using samples of known resistivities. In cases where the sample is a solution, cell constant can
change due to changes on the electrodes. Those changes are caused due to contamination or
due to physical-chemical alteration in case of platinised cells.

If high precision measurements are required, the cell constant needs to be calibrated often in
samples of known resistivity at the same temperature as the actual measurements. Furthermore,
when using the two-pole cells, the determination of the cell constant must be done at close
resistivities to the resistivity of the sample since the cell constant is also resistivity dependent.

When using a two-pole cell, the choice of the cell constant value varies with the linear
measurement range of the cell selected. Typically, a cell with K =0.1 cm ™" is chosen for pure
water measurements, while, for environmental water and industrial solutions, a cell with K
of 0.4-1 cm ™" is used. Cells with up to K =10 cm ™' are best for very low resistivity samples.
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In the case of a four-pole cell, the cell constant value is generally included in the range from
0.5to1.5cm™! [5].

3.2. Polarisation

When attempting to measure the resistivities of solutions, more complications arise. Applying
a potential difference or an electrical current to the electrodes of the cell, depending on the
polarity, ions will be attracted or repelled from the electrodes. That ionic movement causes and
accumulation of ions and therefore charge at the electrodes’ surface which can further cause
the initiation of chemical reactions (Figure 8). Subsequently, due to the accumulation of charge
on the electrodes’ surface, the actual resistance of the electrodes changes which is called
polarisation. Polarisation can cause error on the measurements as it is a parasitic component
to the solution resistance.

3.2.1. Preventing polarisation
There are several precautions that can be used to minimise or eliminate polarisation:

¢ Using an AC current will eliminate the polarisation effect since the polarity of the elec-
trodes will constantly change, and the ions in the solution will not accumulate on one side
since they will be sequentially repelled and attracted by the electrode.

¢ AC current frequency plays an important role on the polarisation effect. In solutions, low
resistivities indicate high ionic content which means that the accumulation of ions will
happen very quickly. In those cases, high frequencies are used, and for high resistivities
where the ionic content is low, lower frequencies are used.

¢ It was explained earlier in Section 3.1 that the cross-sectional area of the cell when used in
solutions is the electrochemical surface area and not the geometrical cross-sectional area.

O

®© O

© ©

©

Figure 8. Polarisation effect due to ions contaminating the electrodes [1].



16

Electrical Resistivity and Conductivity

If that electrochemical surface area is increased, while the current is constant, it means that
the current density on the electrode will decrease and subsequently the polarisation effect
will also decrease. A common technique is to use platinum black to cover the electrodes’
surfaces because it has a very high electrochemical surface area.

*  Since the resistance of the electrodes has no effect on the measurements when using a
four-pole cell, it means that polarisation will have no influence on the measurements of
the four-pole cell.

¢ When using a two-pole cell, deposits on the electrode’s surface can have a similar effect to
polarisation since the electrodes’ resistance changes, while in the case of the four-pole
cells, contamination has no effect [6].

3.3. Geometry and frequency

Different geometries can affect error levels. The most common errors in resistivity measurements
are those produced by field effects. A theoretical assumption has been made when designing
resistivity cells that the electric field lines are straight lines from one pole to the other and that
they are not affected by surrounding objects. In reality, although the majority of the field lines
do form in straight lines, some of them form curves (Figure 9). These field lines can affect the
measurement especially when another object or another field interferes with them.

Three and four-pole conductivity cells are designed to minimise this effect. There is still some
field effect present for the four electrodes cell due to the fact that when field lines do not flow
directly to the other electrode, the distance travelled by the current is different from the
distance between the two electrodes. That can have a major effect on the cell constant.

In most conductivity metres, the frequency is automatically increased with decreasing resis-
tance of the sample, to avoid polarisation errors at low resistivities [5].

Field Lines

+

Figure 9. Field lines between the two electrodes [2].
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3.4. Cable resistance and capacitance

Cables are made of conductors, meaning that the material has very low resistivities. The total
resistance of a cable is proportional to its length. The resistance of the cable can induce an error
on the readings of the cell, and therefore, it should be compensated for accurate measurements.
The cable resistance becomes significant when the resistance of the sample is lower than (approx-
imately 50 Q) and when using the two- or three-pole techniques.

For four-pole cells, the cable resistance has no influence. A shielded cable of a given length has
a given capacity. When the measured resistance is high, the cable capacitance is not negligible
and must be taken into account.

Compensate the cable capacitance when:
* using a four-pole cell,
*  measuring high resistivities,

*  the cable capacitance of the resistivity cell is >350 pF.

3.5. Temperature effect

Resistivity measurements are temperature dependent; if the temperature increases, resistivity
decreases. The concept of reference temperature was introduced to allow the comparison of
resistivity results obtained at different temperature. The reference temperature is usually 20 or
25°C. Generally, resistivity metres measure the resistance of the cell and calculate the resistivity
by knowing their cell constant. They also measure the temperature of the resistivity measure-
ment, and they use a function to translate the measured resistivity to reference resistivity.
Reference resistivity is the resistivity of the sample at a reference temperature. Therefore,
resistivity measurements are often associated with temperature sensors for temperature cor-
rection to improve resistivity calculations.

There are three common temperature correction methods:

* Linear function

¢ Non-linear function for natural waters according to ISO/DIN7888
¢ No correction

When the measurement requires very high precision and accuracy, the measurements are
taken in a temperature controlled environment to ensure temperature stability and for a more
accurate determination of the cell constant at that temperature [3].

3.5.1. Linear temperature correction

When measuring resistivity of solutions with medium to low resistivity, the linear temperature
correction is used. Linear temperature correction is used, for example, for saline solutions,
acids, and leaching solutions. The conductivity of the solution can be calculated by [7]:
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100 . 5)

KT,y = 100 + 6(T — Tref

where «7,, is the conductivity at reference temperature, xr is the conductivity at the tempera-

rf
ture of the measurement, T, is the reference temperature, T is the sample temperature, and 6
is the temperature coefficient (%/°C). If resistivity is required, then the inverse of the calculated

conductivity is the resistivity.

The linear correction method is useful and correct only when the reference temperature and
the temperature of the measurement are close. The risk of error for this method is directly
proportional to the difference between the reference temperature and the temperature of the
measurement.

In order to calculate the temperature coefficient, the resistivity of a sample at temperature T;
close to T, and another temperature T, is measured. Then, the temperature coefficient is
calculated by using the following equation [7]:

(k12 — %71)100

g — 2~ *n) 100
(Tr — T1)xm1

(16)

T, must be a typical sample temperature, usually room temperature, and should be approxi-
mately 10°C different from T;. Indicative ranges for the temperature coefficients of commonly
used electrolytes are provided below [2]:

Acids: 1.0-1.6%/°C
Bases: 1.8-2.2%/°C

Salts: 2.2-3.0%/°C
Drinking water: 2.0%/°C
Ultrapure water: 5.2%/°C

3.5.2. Non-linear temperature correction

In frequent cases of natural waters, for example, ground water, surface water, drinking
water, and waste water, the classical linear temperature correction function is not suitable.
The reason is that the temperature dependency of the conductivity for these solutions in non-
linear and can only be defined by a 4th degree polynomial. The basic idea for this correction
method is to correct the measured conductivity from the measurement temperature to 25°C
to give Kys5 [7].

Kas = fo5(T)Kr (17)

f25(T) is the temperature correction factor used for the conversion of conductivity values
of natural water from T to 25°C. This function is a 4th degree polynomial equation,
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is provided by ISO/DIN7888 standard, and is valid for measurements between 0 and
35.9°C[7].

4. Improving measurement reliability

In order to improve the reliability and accuracy of the measurements, the source of errors must
be identified. Several common experimental errors are listed below, and a guide to overcome
some of the common challenges of resistivity measurements is provided in detail.

4.1. Common experimental errors

There are many experimental dangers to avoid when making resistivity measurements. The
most common sources of error arise from doing a two-point measurement on a material that
has any of the contact problems discussed earlier. Therefore, it is logical to do four-point mea-
surements whenever possible. This section describes experimental practises to avoid errors in
measuring resistivity [1, 7]:

1. The biggest challenge for measuring resistivity is to obtain and maintain good electrical
connections between the electrodes and the sample. There are several ways to improve the
electrical contacts ranging from just wiping the sample with a suitable solvent to soldering
directly on the sample or even pressing some pieces of soft metals onto the contact area.
Scraping the sample’s surface with a razor blade, exposing a fresh surface, and using
alligator clips or silver-painting are also appropriate options. It has to be noted that even
good contacts can become bad from aging. Therefore, maintaining good contacts is also
very important.

2. The resistivity cell should be calibrated before measuring any material samples. Calibra-
tion procedures have been described earlier in this chapter.

3. Theinput impedance of the voltmeter should at least two orders of magnitude higher than
the impedance of the resistivity cell. The input impedance is usually listed in the equip-
ment specifications. Usually, customised instrumentation amplifiers are used with very
high input impedance of the order of 10"°Q to avoid these problems.

4. The resistivity cell should be tested before measuring any material samples. It is advisable
to test the resistivity cell using materials of known resistivities and validate the results
from the system before taking any measurements.

5. Ingeneral, the geometry of the cell is vital. Therefore, especially in the case of the four-pole
cell, the area of the voltage electrodes should be made as small as possible and also the
distance between the two voltage electrodes should always be much bigger than the
thickness of the sample. That will decrease the error between the geometrical cell constant
and the actual cell constant by providing a better estimate of the effective volume of the
sample.
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10.

11.

An obvious but not trivial point is to ensure the circuit integrity. The most usual cause of
meaningless results is when the circuit’s integrity is violated. For correct measurements, in
any kind of cell, the electrodes must be completely independent of each other and the only
thing connecting them must be the sample under investigation. Even in the four-pole cells,
all the electrodes should be checked for short circuits before using them for measure-
ments. Any remarkably low resistance value measured between the electrodes should
indicate short circuit.

The applied voltage or current can cause self-heating of the material or even the cell itself,
which can change the resistivity measurements. To avoid this problem, use as low current
as possible while the voltage is still readable on the metre or use a temperature sensor on
the resistivity cell itself.

Depending on the material of the sample, Ohm'’s law is not always obeyed. There are non-
Ohmic materials that change their resistance depending on the applied voltage or current
across them. Therefore, before making accurate measurements, the linearity between voltage
and current across the sample should be investigated. Itis advised to apply voltages or current
both above and below the measuring values and to ensure that resistivity measurements will
be made within the linear region of the voltage current graph.

It is good practise to always test the equipment before performing any measurements.
Sometimes, voltmeter leads age and their contacts with the voltmeter are damaged. In
those cases, the voltmeter gives random values since it operates as an open circuit. The
best way to check for open circuits on the voltmeter is to drop the current input to zero
and check if the voltage also drops to zero. If it does not fall to zero and gives a random
number, then that indicates open circuit.

A further check of the equipment is to reverse the leads on the voltmeter and measure the
resistance again. The two readings are within 10% of each other; then, the readings are
considered as valid. It has to be noted and understood that in this case the current is
flowing between the two inner electrodes (in the case of four-pole cell) and that the
voltage is measured between the two outer electrodes.

The resistivity of some materials can light dependent. This is particularly a problem with
semiconductors. If there is a chance of this, try blocking all light from the sample during
measurement.

4.2. Guidelines for improved resistivity measurements

Other than the common experimental errors and some ways to prevent them, further mea-
surement improvements, can be achieved when following these simple rules [2, 6, 7]:

4.2.1. Frequent cell constant calibration

The cell constant is the most important component for accurate resistivity measurements.
Although when measuring resistivities of solids, the cell constant is fairly stable, when
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measuring resistivities of liquids, it can be vital. It is ideal to determine the cell constant of the
cell right before any measurement, but a frequent cell constant calibration is advisable. In
particular, in the case of platinised cells, calibration should be performed even more frequently
due to the elevated risk of contamination and physical or chemical alteration of the platinum
layer.

4.2.2. Controlling the temperature and maintaining homogeneity

For high accuracy and low resistivity measurements, it is required to have a stable temperature
of the sample and the cell itself. If the measurements will be thermostated, then the calibration
should be made at the same temperature as the measurements. Furthermore, homogeneity of
the sample is critical. All of the equations used for the calculation of resistivity assume homo-
geneity. In particular, for solution, it is highly advised to stir the solution continuously during
both the calibration and the measurement. For resistivity measurements, the resistivity reading
can be expressed either at the measuring temperature or at a reference temperature using the
pre-mentioned temperature correction factors.

4.2.3. Cell positioning

Some cell types can be greatly affected by the surrounding materials. In solutions, for example,
the distance between the cell and the wall can be a major source of error since the electric field
is bounded and altered by the beaker walls. Two-pole cells should always be placed at the
centre of the beaker, and all electrodes, no matter what the cell type is, must be completely
immersed in the sample.

4.2.4. High resistivity measurements

*  Use flow-through cell to avoid carbon dioxide from dissolving in the solution.

e Use low cell constant, 1 cm ™! or lower.

¢ Do not use platinised cells because they are easier to clean and have a faster response.

*  Ensure that the instrumentation is within its operating ranges in terms of current, voltage,

and frequency.

4.2.5. Low resistivity measurements

*  Avoid polarisation by using platinised and four-pole cells.
e High cell constant (1 cm ") or higher if possible.

*  Resistivity is not proportional to concentration at high levels. Do not attempt to dilute the
solutions to bring them down to the measuring range of the cell.

*  Ensure that the instrumentation is within its operating ranges in terms of current, voltage,
and frequency.

21
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Abstract

In permafrost-degraded areas, “islands” of permafrost can be buried in the unfrozen soil.
When permafrost is arranged in this discontinuous pattern, it is more difficult to analyze
from an engineering or geological perspective. The degree of resistivity of unfrozen soil is
determined by the dry density, temperature, moisture content, and pore water resistivity
of the soil, as well as by the mineral composition, size, and cementing state of the soil par-
ticles. Part of the water in the soil pores experiences a phase change as the soil freezes, so
permafrost has different resistivity than unfrozen soil. In this chapter, we explore the con-
duction characteristics of permafrost. First, we established a theoretical model to analyze
the factors affecting the resistivity of permafrost. Next, we used an experimental study to
analyze how unfrozen water content, initial moisture content, soil temperature, and dry
density influence the resistivity of frozen soil. These experimental study results served
to validate the rationality of the model of permafrost resistivity. To analyze differences
in conductivity between underground media, we used a high-density resistivity (HDR)
method, which infers the storage of underground geologic bodies with different resistivity
based on the distribution of a conduction current under the electric field action. In this chap-
ter, the WGMD-9 super HDR measurement system produced by the Chongqing Benteng
Numerical Control Technique Research Institute was used to obtain the resistivity profile.
The study region was the road area from Bei'an Expressway to Heihe Expressway in the
permafrost degeneration area in Northeast China. A permafrost profile map was drawn
based on data from engineering drilling and an analysis of factors that influence perma-
frost resistivity. The reliability of the permafrost profile map was verified by an analysis
of temperature data taken at measured points at different depths of the soil profile.

Keywords: electrical resistivity, electrical resistivity model, high-density resistivity
method, frozen soil
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1. Introduction

One of the innate attributes of a soil is the electrical resistivity. The dry density, water content,
temperature, mineral composition, and structure of the soil determine the magnitude of the
electrical resistivity. In a previous experimental study, the cementation factor was shown to
be related to the shapes and cementation conditions of soil particles. A study by Wu et al. [1]
preliminarily showed the factors that affected variation in the electrical resistivity of soils. The
results showed that the electrical resistivity of the soil varied with soil type, mother rocks,
soil texture, and soil salt content. Water content, the water-cement ratio, and the degree of
saturation are well correlated with the electrical resistivity of a cement-soil mixture. Li et al. [2]
assessed the relationship between the electrical resistivity of a saline soil and the salt content,
water content, porosity, and degree of saturation. The results showed that the electrical
resistivity of the saline soil decreased with increases in the water content, salt content, and the
degree of saturation. Also, it increased with increasing porosity. Zha et al. [3] studied the effect
of the particle composition of a soil on its electrical resistivity and showed that the electrical
resistivity of the soil decreased with increases in the liquid limit or the plastic limit of the soil.

A calorimetric experiment on an undisturbed frozen soil sample was performed by Fortier
et al. [4], and they also obtained the unfrozen water and ice contents in the sample. Fortier et
al. [5] determined the electrical resistivity at the location near the sampling site and determined
the relation between the electrical resistivity and the unfrozen water and ice contents using a
linear regression analysis. A study of the electrical resistivity of frozen and petroleum-polluted
soils was reported by Delaney et al. [6]. They found that the freezing conditions and petro-
leum pollution could both result in an increase in the electrical resistivity of the soil. Fu et al.
[7] performed a study in which they monitored the electrical resistivity of silty clay obtained
from the Beiluhe River on the Qinghai-Tibet Plateau during an entire uniaxial compression
test that was carried out at different temperatures. They showed that the uniaxial compression
strength of the frozen soil had a strong semi-logarithmic relationship with the initial electrical
resistivity. The relationship between the electrical resistivity and the ice content of the frozen
soil was obtained by Angelopoulos et al. [8] using the electrical resistivity method on the fro-
zen soil from Parsons Lake in the Northwest Territories of Canada. The electrical resistivity
method was also used to study the spatial distribution of the island-shaped permafrost layer
along the Beian-Heihe highway. Discontinuities in the electrical resistivity at the upper and
lower interfaces of the island-shaped permafrost layer were observed and permafrost layer
showed significantly high resistance. Variation in the electrical resistivity of the areas without
permafrost was relatively gentle with no discontinuities.

This study investigated the relationship between the electrical resistivity of a soil body and
the water content, temperature, and dry density of the soil to thoroughly study the electri-
cal conductive properties of frozen soils. We used mathematical deduction and a theoretical
model for the electrical resistivity of frozen soils. Experiments were conducted on soil bodies
with different water contents and dry densities at different temperatures. We also verified
the reasonableness of the theoretical model for the electrical resistivity of frozen soils and
provided a theoretical basis for exploring the distribution of underground shallow frozen
soils with the electrical resistivity method.
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In recent decades, geophysical analysis has become a common tool in studies that evaluate
stratigraphic distribution. In situ geophysical techniques can directly or indirectly measure
the physical parameters of rock and soil that are related to the lithological, hydrological,
and geotechnical features of rocks and soils [9-11]. Compared with other ground detection
technologies such as drilling, clinometry, and laboratory testing, these physical detection
techniques are nondestructive and can integrate the information acquired over large soil
volumes to overcome the point-scale limitations of standard geotechnical measurements. The
high-density resistivity (HDR) method, an in situ geophysical technique, is increasingly being
applied to geological surveys of landslides, permafrost, and so on [9, 12, 13].

By measuring the resistivity of subterranean rock and soil, the HDR method can provide
relevant two-dimensional (2D) and three-dimensional (3D) images, which are used in
geophysical exploration to gain solutions to shallow geologic problems [14-18]. The HDR
method has already been applied in the arctic and alpine environments to identify the
sliding surface of landslide and to detect the distribution of permafrost [17, 19-24]. As an
effective detection method for permafrost exploration, the HDR method can determine the
thickness and the upper and lower limits of permafrost, metrics that have been used in
permafrost surveys since the late 1970s [10, 25-28]. However, all geophysical methods have
their applicability, including regional limitations and reliability. The HDR method has not
been effectively and extensively applied in analyses of permafrost in the high latitudes of
Northeast China nor has geophysical exploration been applied in the permafrost areas in
Lesser Khingan Mountains, China, to monitor the degradation process of permafrost.

In this chapter, the HDR measurement system was used to obtain the resistivity profile. The
study region was the road area from Bei'an Expressway to Heihe Expressway in the perma-
frost degeneration area in Northeast China [29]. A permafrost profile map was drawn based
on data from engineering drilling and an analysis of factors that influence permafrost resistiv-
ity. The reliability of the permafrost profile map was verified by an analysis of temperature
data taken at measured points at different depths of the soil profile.

2. Establishing a model for the electrical resistivity of frozen soils

2.1. Models for the electrical resistivity of soils

An electrical resistivity model that is applicable to saturated non-cohesive soils and pure sand-
stones, assuming that the conductivity of solid particles is not considered, has been proposed [30]:

p=ap,n" 1)
where p is the electrical resistivity, p_is the electrical resistivity of pore water, n is the

porosity, a is an experimental parameter, and m is the cementation factor.

Archie [30] proposed an electrical resistivity model that related the electrical resistivity of a
soil to the structure of the soil. It expanded the approaches for studying the microstructures of
soils. This proposed model, however, only considered the effect of the electrical resistivity and
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porosity of the pore water on the electrical resistivity of the soil. This means that the potential
applications of the electrical resistivity proposed model are limited.

In later work, the electrical resistivity model proposed by Archie [30] was expanded to the
following:

p=ap,nms? 2)
where s is the degree of saturation and p is the saturation exponent.

In the expanded electrical resistivity model, the degree of saturation of the pore water is con-
sidered. The expanded model is therefore applicable to non-saturated pure sandstones and
non-cohesive sand. The expanded model, however, ignores the effects of other factors on the
electrical resistivity of a soil.

On the basis of experimental studies and considering the effect of the electrical double layers
on the surfaces of soil particles on the electrical resistivity of the entire soil body, an electrical
resistivity model that is applicable to non-saturated cohesive soils was proposed:
ap,n"s v

P = 5+p.BQ ®)
where B represents the electrical resistivity of the charge whose electrical property is opposite
to that of the surface of the soil particle in the electrical double layer, Q is the cation exchange
capacity per unit soil pore, and BQ is the electrical resistivity of the electrical double layer on
the surface of the soil particle.

Wasman and Smits [31] proposed an electrical resistivity model that considered the effect of the
electrical conductivity of soil particles on the electrical resistivity of the soil, which means that
the electrical resistivity model proposed by Smits is applicable to non-saturated cohesive soils.

Beside pore water and soil particles, there is a third conductive propagation path for cohesive
soils, that is, the series-coupled soil-water propagation path. Considering the previously
mentioned three conductive propagation paths for cohesive soils, the following equation for

the model for the electrical resistivity of non-saturated cohesive soils has been deduced:
.0 -1

s Fig , FU+0)BQ )

Pe 1+BQp, O

- n
p=|ns-Fi 5BQ+

where F' is the conductive structure coefficient (the ratio of the width of the series-coupled
soil-water path to the side length of the entire soil body) and 8" is the volumetric water content
of the parallel-coupled soil-water part.

Zha et al. [32] proposed an electrical resistivity model that considered the effect of conduc-
tive paths and organically combined the electrical resistivity of a soil with factors such as
porosity, degree of saturation, electrical resistivity of the pore water, soil structure, soil
particle composition, and electrical double layers on the surfaces of soil particles. This thereby
rendered the model for non-saturated cohesive soils more reasonable.

Equations describing the relation between electrical resistivity of a soil sample and the unfro-
zen water content as well as that between electrical resistivity of a soil sample and the ice
content are the following [4, 5]:
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where p is the electrical resistivity ((dm), p is the unfrozen water content (%), w; is the ice con-
tent (%), p,,, = 12,820 Qm is the reference electrical resistivity for a reference unfrozen water
contentw of 5%, p, =1316 Qdm is the reference electrical resistivity for a reference ice content
w, of 10%, and a =173 is the exponent of the power law between the electrical resistivity and
the ice content.

Fortier et al. [5] proposed a model for electrical resistivity that first considers the effect of the
ice content of a soil. This model is therefore applicable not only to unfrozen soils but also
to frozen soils. A frozen soil, however, is a complex multiphase body. Also, there are many
factors that affect a frozen soil. This model proposed by Fortier et al. [5] only considers the
effect of the ice content of a soil on the electrical resistivity of the soil. In addition, the preset
reference electrical resistivity value has no generality.

Angelopoulos et al. [8] analyzed frozen soil from Parsons Lake in the Northwest Territories of
Canada with the electrical resistivity method and the study results showed the relationship
between the electrical resistivity of the frozen soil and the ice content. In the study, the
electrical resistivity method was applied in frozen soil exploration and proved to be very
useful. However, the results were quite discrete and poorly correlated. Also, the electrical
resistivity method only considers the effect of the ice content on the electrical resistivity of the
frozen soil and is therefore limited.

2.2. Establishing a model for the electrical resistivity of frozen soils

A fraction of the pore water of a soil goes through a phase change during the freezing process.
The electrical resistivity characteristics of a frozen soil are therefore different from those of an
unfrozen soil. In our study, we assumed that there are three conductive paths (soil particles,
ice-water mixtures, and soil-ice-water mixtures, i.e., the gas propagation path is ignored) for
a frozen soil, as was also assumed in the three-element electrical conduction model and the
model for the electrical resistivity of unsaturated cohesive soils. We deduced the equation for
the model for the electrical resistivity of frozen soils [33]:

i 5 -1
p=[Ax"E 4 p B2+ C)+D] %

where A-D represent coefficients that are related to the structural characteristics of the frozen
soil and electrical resistivity of each component of the frozen soil, w is the water content of
the frozen soil, a 0 7 is the unfrozen water content of the frozen soil, 6 is the absolute value of the
temperature of the frozen soil, and p, is the dry density of the frozen soil.

2.3. Main factors influencing the electrical resistivity of a frozen soil

Four primary factors can affect the electrical resistivity of a frozen soil:

1. Soil type. Particle size, shape, and mineral composition show large differences between the
solid particles of different soil types. The mineral composition plays an important role in
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the conductive path of soil particles. This results in differences in the electrical resistivity
for different soil types.

2. Structural characteristics of the soil. The structural characteristics of the ice-water mixture
and the shapes and orientations of soil particles are factors that determine the structural
characteristics of the soil.

3. Pore water affects the electrical resistivity of a frozen soil based on the water content and
the number and types of ions in the pore water. The initial water content and the unfrozen
water content affect the electrical resistivity of a frozen soil. The unfrozen water content
depends on the temperature and initial water content. The conductive properties of a soil
body are affected by the types and number of ions in the pore water. The salt content (for
soils that contain salt) determined the types and number of ions. When a soil body contains
salt, soluble minerals are dissolved in the pore water and they exist in the form of ions.
The migration of positive and negative ions occurs under the effect of an external electrical
field. The concentrations of the ions in the pore water and the charge number that each ion
carries determine the conductive properties of pore water.

4. Temperature changes the activity of ions and the unfrozen water content. The water in
a soil body solidifies and forms ice when the temperature is less than 0°C. When this
happens, the unfrozen water content of the soil body decreases and there is a relatively
large change in the electrical resistivity of the frozen soil with the water changing from a
liquid state to a solid state.

Frozen soil consists of soil particles, ice-water mixtures, and gas. We know from Eq. (7) that
factors that affect the electrical resistivity of a frozen soil include the electrical resistivity and
the structure coefficient, dry density, water content, content of each component, and temperature.
Eq. (7) shows that when the initial water content of the same frozen sample is fixed, the electri-
cal resistivity of the frozen soil is inversely proportional to the unfrozen water content of the
soil body. The unfrozen water content varies with changes in the initial water content in frozen
samples with different initial water contents. Also, the electrical resistivity of the frozen soil
exhibits a complex temperature-related functional relationship with the initial water content.
The electrical resistivity of a frozen soil has an exponential relationship with the temperature
of the soil body. Also, it is inversely proportional to the dry density of the soil body.

3. Experimental verification of the model for the electrical resistivity of
frozen soils

3.1. Electrical resistivity measurement principle

Figure 1 shows the principle diagram of the electrical circuit of the device used to measure
the electrical resistivity. To reduce the disturbance of the frozen soil samples, a two-electrode
electrical resistivity measurement system was used for electrical resistivity measurements.
The electrical resistivity of a soil body is calculated using the following equation:
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Figure 1. Schematic diagram of the electrical resistivity measurement circuit.

Uup?
= 7141L ®)

where p is the electrical resistivity ((QQm), U is the voltage between the two ends of the soil
sample (V), I is the current that passes through the soil sample (A), and L is the length of the
soil sample (m).

3.2. Experimental materials

The experimental soil sample was silty clay. The original soil samples were sieved, air-dried, and
ground for use in the experiment. A 2-mm sieve was used and the soil particles with sizes less
than 2 mm were retained and used as the experimental soil sample. The cumulative particle size
distribution curve of the experimental soil sample is shown in Figure 2. The basic physical prop-
erties of the experimental soil sample are shown in Table 1. The experimental soil sample had a
maximum dry density of 1.89 g-cm™ and the corresponding optimum water content was 13.4%.

3.3. Experimental scheme and steps

The experimental soil was fabricated into a cylindrical specimen with a dry density of 1.52 g-cm,
an initial volumetric water content of 13.68%, and dimensions (i x ¢) of 300 mm x 158 mm at
24°C to study the variations in the unfrozen water content and the electrical resistivity of the
soil body with temperature during the freezing process. Also, the specimen was sealed and then
placed in an insulating sleeve with an internal diameter of 160 mm. A water content sensor and
a temperature sensor were embedded in the specimen (the temperature sensor had a measure-
ment range of —40 to 50°C and a measurement accuracy of 0.01°C; the water content sensor had
a measurement accuracy of 0.01). Copper electrodes with a thickness of 0.5 mm and a purity
of 99.5% were placed at each end of the specimen. Subsequently, the specimen was moved
outside and allowed to solidify gradually at —24 to -32°C. A LOGGER 3.0 experimental system
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Figure 2. Particle size distribution curve of the soil sample.
Name of the Natural water Optimum Maximum  Plastic limit Liquid limit Plasticity Specific
soil sample content (W/%) water content dry density (W,) w)) index (I,) weight (Gs)
(W,/%) (0 /g-cm™)
Silty clay 28.3 13.4 1.89 17.93 33.06 15.13 2.71

Table 1. Basic physical property indexes of the experimental soil sample.

(Beijing Huizenong Tech. Co., Limited is located in Haidian District, Beijing City, China) was
employed to automatically acquire the volumetric water content and temperature of the soil
body at a 5-minute interval during the freezing process. The electrical resistivity of the specimen
was simultaneously measured (Figure 3). The variation curves of the electrical resistivity of the
soil body and unfrozen water content of the soil body with temperature were obtained after
calculating and processing the acquired data (Figure 5). The soil water content sensor-working
principle was as follows: the standing wave ratio principle was used to measure the volumetric
water content, that is, the variation of the dielectric constant (¢) of the soil body is measured and
then transformed to the volumetric water content (6 ) using the Topp equation [34]:

0, =-53x102+292x1027e-55x10"*e*+4.3x10°¢? 9)

where GD is the volumetric water content and ¢ is the dielectric constant.

The dry density, temperature, and required soil and water masses were calculated according
to the water content and dry density during the experiment to study the relationships between
the electrical resistivity of the frozen soil and the initial water content. Water and soil were
mixed homogeneously and sealed in a double-layer plastic bag for 12 h to allow the soil sample
and water to mix homogeneously. The soil-water mixture was compacted layer by layer into
specimens with dimensions (h x ¢) of 80 mm x 39.1 mm according to the different dry density
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Figure 3. The LOGGER 3.0 system and the electrical resistivity measurement device.

requirements. Each soil specimen was sealed in a rubber membrane to prevent the water con-
tent of each soil specimen from changing during the freezing process. The environment of the
experiment was a closed system and the experimental soil specimens were placed in a DX-200
low-temperature test chamber. The temperature of the low-temperature test chamber was set
to the preset temperature during the experiment and was then maintained for 24 h. Then, the
experimental soil specimens were placed in a low-temperature test chamber for 72 h. Three soil
specimens were controlled in parallel under each set of conditions with consideration for the
discreteness of the soil specimens. A copper electrode was placed at each end of each specimen
after the freezing process was completed. Next, each specimen was placed in the device shown
in Figure 4 to measure its electrical resistivity. A DY2101 digital multi-meter was used to mea-
sure the voltage of each specimen. The measurement accuracy for the direct current voltage
was +0.5%. A MS8265 digital multi-meter was used to measure the current. The measurement

Figure 4. Photograph of the electrical resistivity measurement device.

31



32 Electrical Resistivity and Conductivity

accuracy for the current was +0.5%. A DX-200 low-temperature test chamber that had the same
temperature as the specimen was used to measure the electrical resistivity of each specimen.

Through manipulating the three factors—the water content (including the unfrozen and
initial water content), the temperature, and the dry density —the values of electrical resistivity
of the frozen soil for different water contents, temperatures, and dry density conditions were
obtained. The curves of the relationships between the electrical resistivity of the frozen soil
and different factors are plotted in Figures 5-13.
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Figure 5. Variation curves of the electrical resistivity of the soil body and unfrozen water content of the soil body with
temperature during the freezing process (p, =1.52 g-cm™; the initial water content was 13.68%).
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Figure 6. Curves of the relationship between the electrical resistivity of the frozen soil and water content under different
dry density conditions (T =-17°C).
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Figure 7. Curves of the relationship between the electrical resistivity of the frozen soil and water content under different
dry density conditions (T =-3°C).
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Figure 8. Curves of the relationship between the electrical resistivity of the frozen soil and water content under different
dry density conditions (T = 3°C).
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Figure 9. Curves of the relationship between the electrical resistivity of the frozen soil and water content under different
dry density conditions (T = 17°C).
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Figure 10. Curves of the relationship between the electrical resistivity and temperature under different water content
conditions (p, =1.42 g-cm™).
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Figure 11. Curves of the relationship between the electrical resistivity and temperature under different dry density
conditions (w = 6%).
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Figure 12. Curves of the relationship between the electrical resistivity and dry density of the frozen soil under different
water content conditions (T = -17°C).
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Figure 13. Curves of the relationship between the electrical resistivity and dry density of the frozen soil under different
temperature conditions (w = 12%).

4. Analysis of the experimental results

4.1. Effects of the water content

The curve of the relationship between the electrical resistivity of the soil body and the water
content, along with the curve of the relationship between the temperature and the water content,
is shown in Figure 5. Dotted lines mark the volumetric water content of the soil body and the
electrical resistivity of the soil body when T = 0°C.

The soil body started to solidify as the temperature was decreased when the temperature
was less than 0°C. Also, some of the water in the soil body underwent a phase change. The
volumetric water content approximated the unfrozen water content of the frozen soil. The curve
of the relationship between the water content and the electrical resistivity of the frozen soil
on the left side of the vertical dotted line approximates the relationship between the electrical
resistivity of the unfrozen water content and the frozen soil. Figure 5 shows the experimental
curves indicating that the electrical resistivity of the frozen soil decreased with increases in the
unfrozen water content of the frozen soil. The relationship between the electrical resistivity
of the frozen soil and the unfrozen water content obtained through fitting was the following;:

_ 6172
0

v

-739, R2 = 0910 (10)

From Eq. (7), we know that in the model, the electrical resistivity of the frozen soil is inversely
proportional to the unfrozen water content, which depends on the temperature; this relationship
is consistent with the experiment results, thus verifying the reasonableness of the relationship
between the unfrozen water content and the electrical resistivity in the proposed model for
the electrical resistivity of frozen soils.
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Figures 6-9 show the curves of the relationship between the electrical resistivity of each frozen
soil specimen and the initial water content under different dry density conditions (the unfrozen soil
[T=3°C, T=17°C] is used as the reference); the volumetric water contents shown in Figures 6-9
were converted from the mass water contents. It can be observed from the experimental curves
that the electrical resistivity of the frozen soil first rapidly decreased and then slowly decreased
with increasing initial water content of the soil body, and the electrical resistivity of the frozen soil
reached its minimum value near the optimum water content. When the initial water content was
greater than the optimum water content, the effect of the dry density on the electrical resistivity of
the frozen soil gradually decreased. The effect of the variation of the water content on the electri-
cal resistivity of the frozen soil increased with decreasing temperature because of the following
reasons: the effect of the variation of the water content on the electrical resistivity of the frozen
soil decreased with the decreasing temperature, with increasing water content (i.e., increasing ice
content of the frozen soil); the electrical resistivity of ice was greater than that of unfrozen water,
thereby resulting in more rapid changes in the electrical resistivity of the frozen soil.

4.2. Effects of the temperature

The variation curves of the electrical resistivity of the frozen soil with temperature under
different water content conditions (p, = 1.42 g-cm™) and the variation curves of the electrical
resistivity of the frozen soil with temperature under different dry density conditions (w = 6%),
respectively, are shown in Figures 10 and 11. The unfrozen soil was used for comparison
(T =3°C, T=17°C). The curves show that the electrical resistivity of the frozen soil increased
with decreasing temperatures. We know that, in the proposed model (Eq. (7)), when there is a
change in the dry density of the frozen soil or the water content of the frozen soil, the electri-
cal resistivity of the frozen (p) is exponentially related to the temperature of the frozen soil
(6; the related parameters are different). This dependence is completely consistent with the
experimental results. Thus, the reasonableness of the relation between the temperature and
the electrical resistivity in the model for the electrical resistivity of frozen soils was verified. The
decrease in temperatures resulted in a decrease in the unfrozen water content of the frozen
soil, which then resulted in an increase in the electrical resistivity of the frozen soil. Since the
soil sample still contained a large amount of unfrozen water at -3°C, there was no significant
change in the electrical resistivity of the frozen soil when the temperature of the soil decreased
from 17 to -3°C. Therefore, this resulted in a significant decrease in the electrical resistivity
of the soil sample. The effect of temperature on the electrical resistivity of the frozen soil
decreased with increases in the water content.

4.3. Effects of the dry density

The variation curves of the electrical resistivity of the frozen soil with the dry density
under different initial water content conditions (T = -17°C) and the variation curves of the
electrical resistivity of the frozen soil with the dry density under different temperatures
(w = 12%) are shown in Figures 12 and 13, respectively. The experimental curves show
that the electrical resistivity of the frozen soil decreased with increasing dry density in all
cases. In the proposed model (Eq. (7)), it is known that when there is a change in the initial
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water content of the frozen soil or the temperature of the frozen soil, the electrical resistiv-
ity of the frozen soil (p) is inversely proportional to the dry density of the frozen soil (p,
the related parameters in the relationships are different). This dependence was consistent
with the experimental results. This verified the reasonableness of the relationship between
the dry density and the electrical resistivity of the frozen soil in the proposed model for
the electrical resistivity of frozen soils. The porosity of the soil sample decreased when the
dry density of the soil sample increased. The unfrozen water content of the frozen soil was
the same under the same initial water content and temperature conditions. The increase
in the dry density of the frozen soil resulted in a decrease in the electrical resistivity. This
was due to the increase in the number of connections between soil particles. The effect of
the variation of the dry density on the electrical resistivity of the frozen soil decreased with
increases in the water content.

4.4. Effects of the freezing mode and salt content

During the freezing process of a soil body, water migration always occurs. The formation of
various cryogenic structures, ice lenses, and different freezing temperatures and modes results
in different freezing rates and ice nucleation modes of the water in a soil. There are different
impacts on the electrical resistivity of the frozen with different ice nucleation modes. In the
present study, however, the specimens were only frozen unidirectionally in a closed system.

The salt contents of the soil body are also primary factors that affect the electrical resistivity
of the frozen soil [35]. However, the salt contents of the soil body were not considered in
the present study. Further studies are necessary to investigate the relationship between the
electrical resistivity of a frozen soil and the salt content of the frozen soil.

5. Application examples of resistivity

5.1. Study area

The K161 road section of Bei’an-Heihe Expressway was selected as the study area. This area
intersects the northwest section of Lesser Khingan Mountains at the junction of Sunwu
County and Heihe City, China’s Bei'an-Heihe Expressway between 127°17’31"—127°21"24"~
east longitude and 49°30'57°—49°41'50"- north latitude (Figure 14). The study area has a
continental monsoon climate; a short spring quickly moves into a warm and rainy summer,
followed by a short autumn accompanied by a rapid drop in temperature, and a long and
cold winter. The annual average temperature is 0.6°C, the lowest temperature is -48.1°C, and
the highest is 35.2°C. Soil in the study area begins to freeze at the end of October each year,
and extends to a maximum seasonal freezing depth of between 2.26 and 2.67 m. The frozen
soil on the ground surface begins to melt in April, and the melting stage lasts from April
to September. In dry regions, all the frozen soils will melt by about early July, whereas in
swampy regions, the thick layers of peat and humus will not melt until October. Seasonal
frozen soil is well developed in the study area and “islands” of permafrost are also distributed
in some gully areas.
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Figure 14. The permafrost distribution map at high latitudes in Northeast China and geographical location of the study
area (data courtesy of the University of Zurich).

The area is located in the southern margin of China’s high-latitude permafrost region, where
the island permafrost is sedimentary residue of the ancient glacier and is currently in a
degradation stage. The Bei'an-Heihe Expressway is an expressway widened and expanded
based on the original Heihe-Bei’an Second-Class Highway, which was built in 1997 and
completed and opened to traffic in 2000. As indicated by the Research Report on Engineering
Geological Investigation and Evaluation of Permafrost in the Heihe-Bei'an Section of the
Heihe-Dalian Highway, there are 17 road sections containing island permafrost along the
Heihe-Bei'an Highway in 2000. In 2009, an engineering geological investigation of the whole
area along the Heihe-Bei'an Highway showed that there were only seven road sections
containing island permafrost and that permafrost in the other 10 road sections had disap-
peared. Compared with the investigation results in 2009, the permafrost layers in the seven
road sections are now even more reduced in length and thickness, and the lower limits of
permafrost are no longer as deep. The temperature of the study area has been increasing in
recent decades and the ground temperature has increased as well. If the ground temperature
of the study area continues to rise in the coming decades, the permafrost in this area will
continue to degrade.

The tectonic structure of the study area is located in the new Wuyun-Jieya Fault Depression
Belt, with the Handaqi Fold Belt on the north and the Shuhe uplifted belt on the south.
The exposure strata (from old to new) include the Nenjiang Formation of Upper Cretaceous,
the Sunwu Formation of Tertiary System, and the Modern River Alluvium of the Holocene
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Series of Quaternary System. Permafrost is mainly distributed in the Modern River Alluvium
of the Holocene Series and the Nenjiang Formation of the Upper Cretaceous. Water inputs in
the study area mainly from the surface water, ground water, and underground ice.

5.2. Geological survey

The island permafrost in the study area is developed in the low-lying marshlands where there
is surface water, overgrown grasses, and thickly accumulated turf and peat. The fundamental
reason for the maintenance and preservation of degraded permafrost is that the amount of
heat in permafrost is insufficient to melt permafrost in the short term. These marshes provide
abundant material resources for evaporation in the warm season, which dissipates a large
amount of heat in the atmosphere in the form of latent heat. Additionally, the dense grasses
and the rich turf and peat under the soil surface are good thermal insulation materials that
prevent the heat absorbed on the surface from being spread to the deep sections of the soil,
preventing the temperature of permafrost from rising. In the freezing period, water in the
wetland is turned into ice, increasing the thermal conductivity of the soil layer. However, during
this freezing period the soil releases heat into the atmosphere. Enhanced thermal conductiv-
ity further increases the amount of heat released by the soil layer, which can also lower the
temperature of the permafrost. These characteristics of wetlands directly affect the long-term
preservation of island permafrost in the permafrost areas.

In this study, we investigated the engineering geological and hydrogeological conditions of
the study area and measured its upper and lower limits of permafrost. In July 2009, five drill
holes were arranged at the left slope toe, left shoulder, central separator, right shoulder, and
right slope toe of the road (drilling locations are shown in Figure 15). An engineering geologi-
cal section map of the study section was drawn according to the drilling results (Figure 15).
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Figure 15. The geological section map.
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Soils and rocks in the control area include Quaternary loose soils, Cretaceous sandstone, and
mudstone. The subgrade fill is mainly yellow pebbly sandstone which is slightly dense and per-
meable. The turf contains incompletely decomposed grassroots, with a layered and patchy fro-
zen soil structure that is brownish black, saturated, and soft plastic. The silty clay layer is black,
wet, hard plastic, and glossy, with relatively large dry strength and toughness, and a layered
and patchy frozen soil structure. The argillaceous sandstone contains partial fine sandstone lens,
with weak cementation, pelitic texture, layered structure, and a micro-layer, and layered frozen
soil structure that is gray-black, wet, and hard plastic. The mudstone layer is gray-black, wet,
and hard plastic, with weak cementation, pelitic texture, layered structure, and a layered frozen
soil structure.

The ground water was comparatively deep at a subgrade depth of 12.4-12.5 m and relatively
shallow at the slope toe at a depth of 1.7 m. The upper limit of permafrost was 15.8-16.8 m
and the lower limit was 19.0-20.3 m at the old subgrade and the permafrost thickness was
less than 5.0 m. The upper limit of permafrost in the original ground was 1.5-2.3 m, the lower
limit was 9.2-10.8 m, and the permafrost thickness was 7.7-8.5 m. Affected by the old road
filling, the permafrost beneath the old subgrade had degraded significantly and there was no
permafrost at the right slope toe.

To explore the temperature change of permafrost below the subgrade during construction
and operation of roads, we used the SUR-3 soil temperature sensor produced by the Beijing
Huizenong Technology Co., Ltd. This drilling machine has a measurement range of —40 to
120°C. The machine was used to drill holes at two test points, T1 and T2, and soil temperature
sensors were embedded in these drilled holes. T1 and T2 were close to ZK1 and ZKS3, respec-
tively. Figure 15 shows the layout of the temperature sensors.

5.3. The HDR method

The HDR method was used to conduct a geophysical exploration of the K161 road section.
Three HDR measuring lines were arranged in the K161 road section: I-I’, II-1I', and III-III"
(Figure 16).

The instrument used in this study was the WGMD-9 super HDR measurement system
produced by the Chongqing Benteng Numerical Control Technique Research Institute.
With the super WDA-1 digital-DC electrical prospecting apparatus as the measurement
and control host, the system realizes the centralized 2D measurement of high-density
resistivity by matching the WDZ]J-4 multi-channel switcher and centralized high-density
cables and electrodes. The 2DRES HDR method was used to invert the field data. The
inversion model was based on the smooth-constrained least-squares method. In brief, this
method constantly adjusts the resistivity of the model via model corrections to reduce the
difference between the calculated apparent resistivity and the measured apparent resis-
tivity, and it describes the fitting degree between the two using the mean square error.
The least-squares method based on smooth constraint is an approach that is widely used
because it can be adapted to different types of data and models, data inversion is fast and
less affected by noise, the method has high sensitivity to deep units, and there are only a
small number of iterations.
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Drill hol
=== HDR survey line

Figure 16. The arrangement plan of the HDR measuring lines in the K161 road section. HDR measuring line: (1) located
on the cross section of K161+440, the I-I' measuring line is perpendicular to the road direction; the starting point of the
measuring line is 60 m away from the left slope toe of the road, and the line passes ZK1, ZK2, ZK3, ZK4, and ZKS5 in
succession; the end of the measuring line is located 60 m outside the right slope toe of the road. (2) Located at the left slope
toe of the road, the II-II' measuring line is parallel to the road direction, with ZK1 as the midpoint, with the starting point
in the southwest and the end point in the northeast. (3) Located at the right slope toe of the road, the III-III' measuring
line is parallel to the road direction, with ZK5 as the midpoint, with starting point in the southwest and the end point in the
northeast. All the three HDR measuring lines are 177 m long. The Wenner arrangement method was used to arrange
the measuring lines, with the electrode spacing at 3.0 m and the limit surrounding at 30 m.

5.4. Analysis and discussion on the HDR method and ground temperature data
5.4.1. Ground temperature data

A contour map showing the variation of different ground temperatures and depths with
time was drawn according to the ground temperature data of rock and soil monitored by the
temperature sensor at T1 (Figure 17 shows the variation of the upper and lower limits of
the permafrost at T1 over time). In July 2009, the upper limit of the permafrost was 272.7 m, the
lower limit was 263.0 m, and the thickness was 9.7 m. When ground temperature monitoring
began in September 2009, the upper limit of the permafrost was 272.5 m, the lower limit was
263.2 m, the thickness was 9.3 m, and the lowest temperature of the permafrost was -1.2°C
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Figure 17. A contour map of ground temperature at T1 (the 0°C isothermal indicates the upper and lower limits of the
permafrost).

(Figure 17). Seasonally frozen soil and permafrost at T1 were linked together on May 5 each
year. On May 5, 2010, the lower limit of the permafrost was 262.4 m; on September 25, 2010,
the upper limit of the permafrost was 272.3 m, the lower limit was 263.4 m, the thickness was
8.9 m, and the minimum temperature was -1.0°C. On May 5, 2011, the lower limit of the per-
mafrost was 262.9 m; on September 25, 2011, the upper limit of the permafrost was 271.9 m, the
lower limit was 263.8 m, the thickness was 8.1 m, and the minimum temperature was —0.9°C.
On May 5, 2012, the lower limit of the permafrost was 263.1 m; on September 25, 2012, the
upper limit of the permafrost was 271.7 m, the lower limit was 264.2 m, the thickness was 7.5 m,
and the minimum temperature was -0.7°C. On May 5, 2013, the lower limit of the permafrost
was 263.2 m; on September 25, 2013, the upper limit of the permafrost was 271.7 m, the lower
limit was 264.3 m, the thickness was 7.4 m, and the minimum temperature was -0.7°C; on
May 5, 2014, the lower limit of the permafrost was 263.3 m; on September 25, 2014, the upper
limit of the permafrost was 271.7 m, the lower limit was 264.8 m, the thickness was 6.9 m,
and the minimum temperature was -0.6°C. On May 5, 2015, the lower limit of the permafrost
was 263.5 m; on September 25, 2015, the upper limit of the permafrost was 271.7 m, the lower
limit was 265.4 m, the thickness was 6.3 m, and the minimum temperature was -0.6°C. On
May 5, 2016, the lower limit of the permafrost was 263.8 m; on September 25, 2016, the upper
limit of the permafrost was 271.7 m, the lower limit was 265.6 m, the thickness was 6.1 m, and
the minimum temperature was —0.5°C.

Ground temperature data suggested that road construction affected the permafrost, since the
road was near the subgrade at the left slope toe. The upper limit of the permafrost decreased
significantly while the lower limit increased significantly during the road construction. Affected
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by temperature and permafrost, the rock and soil strata near the upper and lower limits of the
permafrost in this position froze and thawed repeatedly. The overall trend was permafrost
degradation as a result of changes in climate, characterized by a rise of the permafrost tem-
perature, a decline of the upper limit, a rise of the lower limit, and a decrease in the thickness.

Figure 18 depicts a contour map at T2 showing the variation in ground temperature and depth
of the rock and soil strata and the variation of the upper and lower limits of the permafrost at
T2 over time. At T2 at the start of the investigation in July 2009, the upper limit of the perma-
frost was 269.3 m, the lower limit was 263.3 m, and the thickness was 6.0 m. When the ground
temperature monitoring was started in September 2009, the upper limit of the permafrost was
269.2 m, the lower limit was 263.7 m, the thickness was 5.5 m, and the lowest temperature of
the permafrost was —0.9°C (Figure 18). On September 3, 2010, the upper limit of the perma-
frost was 268.1 m, the lower limit was 264.8 m, the thickness was 3.3 m, and the minimum
temperature of the permafrost was —0.6°C. On September 25, 2016, the upper limit of the per-
mafrost was 266.8 m, the lower limit was 265.2 m, the thickness was 1.6 m, and the minimum
temperature of the permafrost was —0.4°C. The height of the subgrade fill at T2 reached 10.4
m, which caused an obvious degradation of the permafrost. During the road construction,
the upper limit of the permafrost declined, the lower limit rose, and its thickness significantly
decreased. Affected by temperature and permafrost, the rock and soil strata near the upper
and lower limits of the permafrost in this position froze and thawed repeatedly. Overall, there
was a trend of permafrost degradation as a result of changes in climate.
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Figure 18. A contour map of ground temperature at T2 (the 0°C isothermal indicates the upper and lower limits of the
permafrost).
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5.4.2. I-I' measuring line

Figure 19 shows the HDR inversion image of I-I' measuring line on September 3, 2010. As
indicated by the inversion image, the resistivity stratification of the soil under the measuring
line is relatively obvious. To better analyze the variation of soil resistivity with depth, the
2DRES HDR-processing software was used to extract the curve of resistivity at any point on
the measuring line. Figure 20 shows the resistivity curves of the soil at ZK1, ZK2, ZK3, ZK4,
and ZKS5 as depth changes. According to the resistivity characteristics of the foundation soil
on site, soil with resistivity greater than 90 (m is probably frozen soil. On September 3, 2010,
the upper limit of the frozen soil at ZK1 was 273 m, the lower limit was 263.6 m; the upper
limit of the frozen soil at ZK2 was 271.6 m and the lower limit was 264.5 m; the upper limit of
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Figure 19. An HDR inversion image of the I-I' measuring line.
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Figure 20. Resistivity curves at different positions of the I-I' measuring line.
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the frozen soil at ZK3 was 269 m and the lower limit was 264.6 m; the upper limit of the frozen
soil at ZK4 was 268.3 m and the lower limit was 265.7 m; there was no permafrost at ZK3. The
comparison of the temperature-monitoring data at T1 and T2 suggests that there is no differ-
ence between the upper and lower limits of permafrost at ZK1 and ZK3, and the position of
permafrost inferred by the resistivity data was accurate.

5.4.3. II-1I" measuring line

To explore the variation of permafrost on the II-II' measuring line, four HDR detection analy-
ses were carried out on the II-II' measuring line on May 5, 2010, May 5, 2012, May 5, 2014,
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Figure 21. The HDR inversion image of the II-II' measuring line in May. The measurement dates were May 5, 2010 (a),
May 5, 2012 (b), May 5, 2014, (c) and May 5, 2016 (d).
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and May 5, 2016 (Figure 21 shows the images gained by these detections). Five HDR detection
analyses were carried out on the II-II' measuring line on September 25, 2010, September 25,
2012, September 25, 2014, September 25, 2015 and September 25, 2016 (Figure 22 shows the
images gained by these detections). ZK1 is a cross section of the K161+440 Road at 90 m from
the starting point on II-II' measuring line.
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Figure 22. The HDR inversion image of the II-II' measuring line in September. The measurement dates were September
25, 2010 (a), September 25, 2012 (b), September 25, 2014 (c), September 25, 2015 (d), and September 25, 2016 (e). The
surface layer of the K161+424-K161+432 road section (74-82 m away from the starting point) is composed of concrete at
the mouth of the culvert and thus this measuring line had a relatively high resistivity.
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The lower limits of permafrost at ZK1 were 262.5, 263.0, 263.0, and 264.1 m, respectively, on
May 5, 2010, May 5, 2012, May 5, 2014, and May 5, 2016. The upper limits of permafrost at ZK1
were 272.5,272.0,272.0, 272.0, and 272.0 m, respectively, on September 25, 2010, September 25,
2012, September 25, 2014, September 25, 2015, and September 25, 2016, with the lower limits
being 263.4, 264.0, 264.5, 265.1, and 265.3 m, respectively.

Compared with the lower limit of permafrost obtained by the temperature data at T1, the
difference between the upper and lower limits of permafrost measured by the HDR method
was small, indicating that the position of permafrost detected by the HDR method on II-II'
measuring line was accurate.

As shown by the measurement results obtained on II-II' measuring line, both the area and
resistivity of the high-resistivity areas were shrinking during the period analyzed, indicating
that the permafrost at the left slope toe of the road was constantly degrading. The upper limit
of the permafrost was declining, the lower limit was moving up, the temperature was rising,
and the total area was decreasing. As shown in Figure 22, on II-II' measuring line, perma-
frost was found in the following road sections on the following dates: K161+414-K161+422
and K161+431-K161+494 in September 2010; K161+414-K161+422 and K161+431-K161+484 in
September 2012; K161+432-K161+477 in September 2014; K161+432-K161+472 in September
2015; and K161+433-K161+460 in September 2016.

5.4.4. II-1II' measuring line

To explore the distribution of permafrost on III-III' measuring line, HDR detection analyses
were conducted on III-III' measuring line on September 25, 2010 and September 25, 2014 (images
are shown in Figure 23). ZKb5 is a cross section of the K161+440 road at 90 m from the starting
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Figure 23. The HDR inversion images of the III-III' measuring line over time. The measurement dates were September
25,2010 (a) and September 25, 2014 (b). The surface layer of the K161+424-K161+432 road section (74-82 m away from the
starting point) on the measuring line was a culvert within the depth of 0-5 m, thus this line had a relatively high resistivity.
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point on III-1II' measuring line. The measurement results about the distribution of permafrost
in the foundation soil beneath III-III' measuring line agreed with the drilling results (Figure 23).

6. Conclusions

1. The electrical resistivity of the frozen soil was shown to be inversely proportional to the
unfrozen water content of the soil body. Temperature determined the exact proportionality.
The electrical resistivity of the frozen soil decreased with increases in the unfrozen water
content of the soil body. The electrical resistivity of the frozen soil showed a complex tem-
perature-related functional relationship with the initial water content. The electrical resistiv-
ity of the frozen soil rapidly decreased at first and then gradually increased with increases in
the initial water content of the soil body. The electrical resistivity of the frozen soil tended to
stay at the minimum value near the optimum water content. The effect of the dry density on
the electrical resistivity of the frozen soil gradually decreased when the initial water content
was greater than the optimum water content. The effect of the variation of the water content
on the electrical resistivity of the frozen soil increased with decreases in the temperature.

2. The electrical resistivity of the frozen soil was exponentially related to the temperature of
the soil body. The electrical resistivity of the frozen soil increased with decreasing tem-
perature. The effect of the temperature of the frozen soil on the electrical resistivity of the
frozen soil decreased with increasing water content. When there was a change in the dry
density of the frozen soil, the effect of the temperature on the electrical resistivity of the
frozen soil was effectively unchanged.

3. The electrical resistivity of the frozen soil was inversely proportional to the dry density
of the soil body. The electrical resistivity of the frozen soil decreased with increasing dry
density. The effect of the dry density of the frozen soil on the electrical resistivity gradu-
ally decreased with increasing water content. The effect of the dry density on the electrical
resistivity of the frozen soil increased with decreasing temperature.

4. The relationships between the electrical resistivity of a frozen soil and the various influencing fac-
tors were basically consistent with the relationships described by the fitted equations obtained
from the experiments, based on the model of the electrical resistivity of frozen soils. This verified
the reasonableness of the model for the electrical resistivity of frozen soils. More studies are need-
ed to investigate the related parameters in the model for the electrical resistivity of frozen soils.

5. The results of geological drilling, temperature monitoring, and HDR detection analyses
suggest that a widened and expanded subgrade have had a significant influence on per-
mafrost in the K161 road section. During the subgrade construction, the permafrost was
degraded as a result of both road construction and climatic change. Permafrost tempera-
tures rose, the upper limit of permafrost declined, the lower limit of permafrost rose, and
the overall thickness of the permafrost significantly decreased.

6. The positions of permafrost estimated by the HDR method were in agreement with the
results obtained from geological drilling, temperature monitoring, and the electrical
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survey, indicating that HDR is a fast, economical, and reliable method for on-site ex-
ploration of permafrost. HDR can be used to quickly and accurately locate the position
of underground permafrost in high-latitude permafrost regions, providing an accurate
reference for linear engineering positioning and corresponding engineering measures.
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Abstract

This study presents an apparatus for the measurement of the electrical volume resistivity
of concrete structures in civil and industrial constructions in 2.5 accuracy class, which oper-
ates at 500 Hz, for measuring the in situ resistivity of concrete in the range of 5-100 QOm
that is immune to errors due to the polarization phenomena at the interface probe/concrete
sample. Also, a quench protection active system (QPS), which works in tandem with a
superconducting coil structures (SCSs), in order to prevent the damaging effects when the
coil structures pass from the superconducting state into normal conduction state (quench),
is presented. An SCS made of YBCO tape high-temperature superconductor (HTS) type,
with a critical temperature of 92 K, has been experimented. In order to minimize the heat
transfer influx by convection, the SCSs are confined to a cryostat, which is vacuumed
at about 0.001 mbar. The working temperature of the HTS coil structures is about 77 K,
ensured by liquid nitrogen as cryogenic agent. Finally, the measurement of the electrical
resistance of the sensing element (SE) as part of the resistive-type gas sensor is shown. The
SE is placed on a Wheatstone bridge. The electrical resistance of the SE is variable by an
amount AR, on when all the resistances of a Wheatstone bridge are nominally equal.

Keywords: electrical resistivity, reinforced concrete structures, coil structures of

superconducting, quench protection, sensing element, gas sensors

1. Measurement of the electrical resistivity of concrete structures

Measurement of the electrical volume resistivity of concrete structures in civil and industrial
constructions shows a particular importance in order to establish the status thereof. In practice,
often, it counts the problem of investigating the degradation of reinforced concrete that was
not provided with electrodes for monitoring. The degradation of reinforced concrete structures

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN
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is a complex process concerted and synergy action due to several requests for the nature of the
physical (mechanical stress, shock and vibration, weather air/diurnal temperature variations,
especially around the freezing temperature of water, etc.), chemical (salinity of the soil and/or
of the phreatic water is in contact with the concrete, the content of aggressive atmospheric pol-
lutants, etc.) and microbiological (load microbiological alteration of the exploitation environ-
ment). Measurement of the electrical volume resistivity of concrete structures can be achieved
by using a quadrupole consisting of the power electrodes, E1, E2, by means of which I [A], the
current and the measurement electrodes, E3, E4, to measure a potential difference, AV [V], are
injected (Figures 1 and 2). An apparent resistivity [1] p, [Qm] is obtained

kxAV
app = I (1)
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Figure 1. The block diagram of the measurement apparatus of the in situ electrical resistivity of concrete structures.
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Figure 2. The functional modules of the measurement apparatus of the in situ electrical resistivity of concrete structures [7].

Here, k is a sample-specific geometrical factor and I [A] is the injected current. In this case,
the RMS value of the injected current is 1 mA. Based on the technical solutions protected by
patent application [2], we prototyped an apparatus for measuring the in situ resistivity of
concrete structures.

Measurement apparatus of the in situ electrical resistivity of concrete structures is conceived
modularly having as components the following electronic modules, as shown in Figures 1
and 2: constant current generator module positions 1, 2 and 3, signal conditioning module
position 4, band-pass filter position 5, rectifier module position 6, measurement and display
module positions 7-9, and window comparator module positions 10-12 [2-6]. The errors due
to electrochemical polarization phenomena are eliminated by powering the current electrodes
E1, E2 with a constant of 1-mA intensity sinusoidal current [6], of 500 + 5 Hz. The constant
current generator module is made by cascading the standard generator sine function sub-
module and of constant voltage/current converter sub-module of 1 mA RMS. Accompanying
the current flow through the concrete sample, a voltage drop of approx. AU proportional to the
resistivity of concrete, p, is recorded at the central contacts of the concrete sample, E3 and E4.

The measuring probe is of special construction, so as to ensure the parallelism of the elec-
trodes E1-E4, Figures 1 and 2 and equal distance between them. The concept of the mea-
suring probe allows easy manoeuvrability in the field, regardless of the orientation of
the measuring plane (horizontal, vertical walls and beam-reinforced concrete) and simul-
taneously uniform pressing of the electrodes and even on surfaces with dislevelments
up to 15 mm. In order to ensure as good as possible constant electric contact between
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electrodes E1-E4 and the measured concrete structures surface, they are provided with
sponge patches capped by cotton cloth discs (protective bags attached to the electrodes by
snap rings). To eliminate the errors due to both AC and DC stray currents, low and high
frequency, the signal AU at E3, E4 electrodes is passed through a ‘band-pass’ filter of 500
+ 10 Hz [3] (with minimum 40-dB attenuation for +150 Hz).

One of the important electronic modules is the active fourth-order band-pass filter. The
band-pass filter is made by cascading a second-order active band-pass Bessel filter with a
second-order active band-pass Butterworth filter. Both filters are realized with the use of the
Texas Instruments integrated active filters UAF42 [3]. Bessel and Butterworth second-order
band-pass filter design was made by using software program FilterPro™ developed by Texas
Instruments Company dedicated to developing applications for the integrated circuit UAF42
Texas Instruments—active filter.

With notations required by Texas Instruments, the values of the passive components are
obtained from Table 1 for the second-order Bessel band-pass filter and from Table 2 for
second-order Butterworth band-pass filter, by running the software program FilterPro™.

It can be noted, Figures 3 and 4, that the integrated active filter circuit UAF42 [3] contains an
operational amplifier unused for filtering function. This is used to achieve signal condition-
ing, the amplification after filtration, respectively.

The electronic design of the second-order Bessel band-pass filter is shown in Figure 3, and
the electronic design of the second-order Butterworth band-pass filter is shown in Figure 4.

Input voltage of the signal conditioning electronic block is sinusoidal, having amplitude peak to
peak in the range of 10-20 mV, recorded at the central contacts of the concrete sample, E3 and E4,
Figure 2. This voltage is amplified to the level of 500-1000 mV peak to peak, by using the fourth
operational amplifier available into the integrated circuit UAF 42 Texas Instruments—active fil-
ter, Figure 3, used in the inverting connection. In this case, the gain, as the ratio of the output
voltage at this operational amplifier (i.e. from input of the second-order Bessel filter) and the
input voltage at the inverting connection of the operational amplifier, Figure 3, can be written as

v R 100

A= -om o a0 5 2
! Vin R, 2 @
f, [Hz] R,, [kQ] R, [kQ] R, [kQ] C,. C,, R, [kQ]

500 5.49 100 100 - - 34.8

Table 1. The values of the passive components for the second-order Bessel band-pass filter.

f, [Hz] R,, [kQI] R, [kQ] R,, [kQ] C,. C,, R, [kQ]

500 - 316 316 - - 4.75

Table 2. The values of the passive components for the second-order Butterworth band-pass filter.
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Figure 4. The second-order active band-pass Butterworth filter and instrumentation amplifier.

Input voltage from the second-order active filter Butterworth is sinusoidal, having maximum
amplitude peak to peak of 1000 mV. The filter is active, so that the maximum output voltage
amplitude is the same, 1000 mV peak to peak. This voltage is amplified to the level of 5000 mV
peak to peak by using the fourth operational amplifier available into the integrated circuit UAF
42 Texas Instruments—active filter, Figure 4, used in the inverting connection. In this case, the
gain, as the ratio of the output voltage at this operational amplifier and the input voltage at the
inverting connection of the operational amplifier, Figure 4, can be written as

Vourz P, 100
A=V, TR -0 )

IN2 B
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Experimentation of the second-order band-pass active filter Bessel was performed as follows:

- at the input of the second-order band-pass active filter Bessel, Figure 3, a sinusoidal voltage
with a peak-to-peak amplitude of 1000 mV and a frequency range of f=50-1000 Hz, from
the arbitrary function generator FLUKE 281, was applied;

- the output of band-pass filter Bessel is connected to the LeCroy 324 digital oscilloscope
channel 1, in order to measure the amplitude of the output voltage;

- by using the entire spectrum of the frequencies, in the range of f=50-1000 Hz, for the sine
wave voltage applied to the input, the characteristic of the second-order band-pass active
filter Bessel, Figure 5, can be drawn.

Experimentation of the second-order band-pass active filter Butterworth was performed as
follows:

- at the input of the second-order band-pass active filter Butterworth, Figure 4, a sinusoidal
voltage with a peak-to-peak amplitude of 1000 mV and a frequency range of f=50-1000 Hz,
from the arbitrary function generator FLUKE 281, was applied;

- the output of band-pass filter Butterworth is connected to the LeCroy 324 digital oscillo-
scope channel 2, in order to measure the amplitude of the output voltage;

- by using the entire spectrum of the frequencies, in the range of f=50-1000 Hz, for the sine
wave voltage applied to the input, the characteristic of the second-order band-pass active
filter Butterworth, Figure 6, can be drawn.

The fourth-order filter, obtained by cascading the two second-order filters, Bessel and
Butterworth, was tested in the same conditions. The characteristic of the fourth-order band-
pass active filter is shown in Figure 7.

In order to eliminate the measurement error due to the polarization phenomena between
the reinforced concrete surface (conductor environment of type II) and the electrodes E1, E2

Figure 5. The characteristic of the second-order band-pass active filter Bessel (two poles), test results [7].
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Figure 7. The characteristic of the fourth-order band-pass active filter (four poles), for the frequency of 400-600 Hz,
resulted by cascading the two second-order Bessel and Butterworth filters, test results.

(conductor environment of type I), the apparatus includes the current generator module,
made by cascading the standard generator sine function sub-module of 500 + 5 Hz and of
constant voltage/current converter sub-module of 1 mA RMS.

In order to eliminate the measurement error due to the potential leakage currents both in
DC and in AC, of low and high frequency, and of the interference signals, respectively,
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with frequencies below 350 Hz and above 1 kHz, the apparatus includes the fourth-order
band-pass active filter made by cascading the two second-order band-pass active filter
modules Bessel and Butterworth filters. As I pointed out, the apparatus for the measure-
ment of the electrical volume resistivity of concrete structures in civil and industrial con-
structions provides the measurements of resistivity in the range of 5-100 Qm, the 2.5
accuracy class. By using a window comparator electronic module, Figure 1, the apparatus
allows the optical viewing of the values less than 5 Om and over 100 QOm, through two
leads. The apparatus shows the good functional stability, observed during experiments
for a wide range of types of concrete structures. Also, the calibration can be done easily by
using a potentiometer P1, Figure 4.

As concrete structures degrade (through decrease of the alkalinity, carbonation, increase in
chloride content, etc.), the resistivity decreases substantially [8]. Today at important build-
ings, from design phase is provided embedding electrodes that allowing both measuring/
monitoring of the concrete resistivity and determination of the potential of corrosion of the
reinforcement [9-11].

Experiments were performed in two stages.
Stage 1. Calibration

Standard concrete sample (SCS) for which precisely the electrical resistivity is known, deter-
mined by the classical method [12], is measured in order to calibrate the apparatus:

(A1) it is checked using a “TRUE RMS AC + DC’ multimeter set on the mA scale and having
probes connected to E1 and E2 electrodes, respectively, that RMS value of the injected current
isto 1 mA;

(B1) the sponge and protective bag for probes (up to saturation) are soaked with a solution of
3-5% NaCl concentration;

(C1) the electrodes E1-E4 are applied on the SCS sample surface;

(D1) the measurement apparatus of the in situ electrical resistivity of concrete structures is
calibrated, through adjusting the amplification of the instrumentation amplifier, by rotating
the calibration potentiometer on the front panel, Figures 1 and 2, until the apparatus indicates
the known resistivity value of the SCS sample.

Stage 2. Measuring the electrical resistivity of concrete structures

(A2) before performing a new measurement, the sponge and the protective bag are soaked
again (to saturation) with a solution of 3-5% NaCl concentration;

(B2) the electrodes E1-E4 are applied on the concrete structure surface;

(C2) the measured value of the electrical resistivity of concrete structures is read on the digital
display of 3 1/2 digits.

Figures 8 and 9 present two successive measurements of resistivity of a concrete pillar.
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Figure 8. The measurement of a concrete pillar, first measurement.

Figure 9. The measurement of a concrete pillar, second measurement.

2. Protection to quench hazard in high-temperature superconducting coil
structures

2.1. The case of a single HTS superconducting coil

The superconducting coil structures can get out of the superconducting state (can normalize),
for various reasons, such as the following;:

e if temperature exceeds the critical temperature;

¢ if the injected current growth slope is too steep, after entering the superconducting coil
structures in the superconducting state and stabilizing to the temperature regime at a value
of 77 K (liquid nitrogen temperature);
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¢ if the injected current through the superconducting coil structures exceeds the critical
current;

¢ if the superconducting coil structures are subjected to mechanical vibrations [13].

Therefore, the superconducting coil structures always work in tandem with a protection sys-
tem, called quench protection, in order to prevent the damaging effects of their exit from the
superconducting state, for the reasons previously described.

This study refers to the quench protection active system (QPS), which works in tandem with
a superconducting coil structure. In our case, the superconducting coil structures are made
from a tape of material based on YBCO, having a critical temperature of 92 K. Since cooling is
made with liquid nitrogen, the working temperature of the superconducting coil structures is
in the temperature range of 77 K. The superconducting coil structures are arranged in a cryo-
stat within which a high vacuum of about 0.001 mbar is achieved, in order to minimize the
heat transfer to the outside by removing the convective heat transfer. Also, the superconduct-
ing coil structures are immersed in liquid nitrogen. Table 3 presents the electrical resistance
of the superconducting coil structures versus the cryostat temperature.

At the critical temperature, the resistance of the coil temperature ensemble is 0.52 Q (super-
conducting coil resistance to which the connecting wire resistance and the junction resistance
are added). All the connecting wires are made of superconducting material YBCO, HTS type
that has a thermal conductivity of ~1 W/mK. The connecting wires are introduced in a sheath
of nonmagnetic stainless steel pipe and the terminals are made by copper. Bonding the HTS
strip of copper terminals is carried out with a mixture of indium and 5% Ag (to minimize the
junction resistance).

Figure 10 presents the variation of the voltage measured on the superconducting coil struc-
tures after entering into the superconducting state, depending on the injected current. The

Temperature in the cryostat T [K] The measured resistance of the superconducting coil R [Q]"
119 0.58
114 0.55
104 0.52
84 0.517
77.6 0.495
77.54 0.465
77.52 0.452
77.51 0.44
77.53 0.434
77.46 0.43

"The superconducting coil structures resistance was measured in the conditions in which no current was injected in the
coil.

Table 3. The electrical resistance of the superconducting coil structures versus the cryostat temperature.
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Figure 10. The voltage drop on the superconducting coil structures versus the current, at 77 K [14].

current is injected through the superconducting coil structures, with a slope of 1 A/s [14] by
the programmable power supply type AMI 03300PS-430-601. Critical current value is deter-
mined from the curve U = f (I), Figure 10, by coming down with a tangent at exponential area
of the curve. The value of the critical current was determined using this procedure and it is
120 A. The intersection with current axis, Figure 10, will give the exact value of critical current
of the superconducting coil structures at 77 K. For a current greater than or equal to the critical
current, the voltage measured on the superconducting coil structures has a sudden increase.
The superconducting coil structures get out of the superconducting state, and the quench
protection must act accordingly in order to prevent the damaging effects.

The quench protection system (QPS) is made of two ultrafast switches made with high-power
IGBT's transistors (Isolate Gate Bipolar Transistor). The key parameters of the active protec-
tion system are as follows:

* The maximum quench detection time is f, = 800 ns;

* The actual reaction time is in the interval ¢, =2.78-3.5 us;

* The energy is discharged in the range of 1-10 kJ.

A quench active protection system, Figure 11, for HTS coil structures must solve the following
problems:

1. The detection of the QUENCH.

2. Decoupling the HTS coil structures from the programmable power supply.

3. The coupling of the HTS-type superconducting coil structures on a discharge resistance
R, In this case, the magnetic energy stored in the coil inductivity L, W,, = Li*/2, is dissipat-
ed through Joule effect, W, = R, by the discharge resistance R, and the dynamic resistance
of the semiconductor device that compose the command power electronic switch.
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To comply with its aim, the quench protection active system, Figures 11 and 27, must com-
prise the following parts: ultrafast electronic switches, T1 and T2 (K1 and K2, respectively), an
electronic circuit for quench detection and a discharge resistance, R ..

The design of the quench protection system (QPS) is modular, and it comprises the electronic
modules presented next.

A. Quench detection and signal processing electronic module. This module, named 1. on the
Figure 11, contains the following parts:

* An operational amplifier electronic block with galvanic isolation;

* A precision, differential amplifier electronic block with the common mode rejection fac-
tor CMRR =100 dB;

* An amplifier electronic block with the gain A =10 and CMRR =100 dB;

* An electronic block, which performs the module mathematical function;

* An optical interface electronic block, double opto-coupler, with TTL signals recovery;
¢ A logic sequence programming electronic block.

B. The power electronic module. This module, named 2. on the Figure 11, comprises the fol-
lowing electronic blocks:

e Two drivers electronic blocks IGBT T1/IGBT T2 (Block 1 Driver IGBT T1 and Block 2
Driver IGBT T2);

* An electronic block of ultrafast switches made with the power transistors IGBT T1/IGBT T2;
¢ A discharge resistance block, R .

C. Electronic module of voltage stabilized power supplies. This module, named 3. on the
Figure 11, comprises the following blocks:

* The 12 V. differential power supply for powering the analogical electronic circuits and
the power supply +5 V. for powering the digital electronic circuits;

¢ The 15 and +12 V. differential voltage power supply for powering the operational am-
plifier electronic circuit with optical isolation for the quench signal processing;

¢ The 2x20 V. power supply with galvanic isolation for powering the drivers that com-
mand the two IGBT power transistors, T1 and T2.

The discharge resistance R, Figures 11 and 12, was made from 99.9% pure Cu wire, solenoid
shape, having four turns with section @ =2 mm, with the wire diameter of D = 50 mm, and
the value of the DC resistance of R, = 0.128 Q. The DC measurement was performed with the
Agilent 34461 A multimeter.

One of the important electronic modules is the amplifier block with galvanic isolation. Design
of the amplifier block with galvanic isolation, Figure 13, is made with the integrated circuit
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Figure 11. The block diagram of the experimental model of the QPS, which provides the HTS coil structures protection
to quench, for the case of a HTS coil [14].

IC1 type ISO 124, Burr Brown manufacturing by Texas Instruments. It is noticed that the use-
ful signal is acquired through a divider, made with four potentiometers P1-P4, respectively.
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Figure 12. The discharge resistance R,
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Figure 13. The electronic design of the amplifier block with galvanic isolation [14].

In this way, the dividing factor is adjustable allowing the useful signal threshold setting for
which the voltage of the amplifier input is interpreted as quench voltage. Also, it can be seen
the separation way of the power supply, Figure 13. A differential stabilized power supply of
DC voltage of +15 V., which is powering the first part of the amplifier block with galvanic
isolation type ISO 124, which acquires the useful signal and a differential stabilized power
supply of DC voltage of + 12 V|, , which is completely galvanic isolation from first is powering
the part of the output amplifier.

The power electronic module of the active electronic protection system QPS contains two
electronic ultrafast switches made with the power transistors IGBT T1/IGBT T2 type Fuiji
2MBI600NT —060, Figures 14 and 15, two drivers electronic blocks IGBT T1/IGBT T2, type
VLA 517—01R—FU]JI [15] Figures 16 and 17, and a discharge resistance R, Figures 11 and 12,
with the role of picking the energy stored in a superconducting coil that is composed of two
identical sections, serially connected, when at least one of the coils is normalized.
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Figure 16. The IGBT T1/IGBT T2 driver block [14].

The first ultrafast switch made with the power transistors IGBT T1, Figures 11 and 18, allows
the supply of the superconducting coil from the voltage power supply, in normal operation,
as well as voltage power supply decoupling when the coil is normalized. The second switch
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Figure 18. The power electronic module of the active electronic QPS system, practical design.

made with the power transistors IGBT T2, Figures 11 and 18, enables the coupling of the
superconducting coil on the discharge resistance R, when at least one of the coils L1 and L2
serially connected is normalized (leaves the superconducting state).

Five possible cases of conduction are distinguished for ultrafast switches made with IGBT
power transistors T1/T2, according to the conduction state of the two identical sections of
superconducting coil L1 and L2 as follows:

1. Coil inductance L = L1 + L2 is in the superconducting state, in which case IGBT power
transistor T1 is in a state of conduction (ON) and IGBT power transistor T2 is found in the
locked state (OFF), Figure 19;

2. Inductance coil L1 was normalized and both IGBT power transistors T1 and T2 are in a
state of conduction (ON) for a period of ty; =300 ns, Figure 20;

3. Inductance coil L1 was normalized and IGBT power transistor T1 is in the locked state
(OFF) and IGBT power transistor T2 is found in a state of conduction (ON), Figure 21;

4. Inductance coil L2 was normalized and both IGBT power transistors T1 and T2 are in a
state of conduction (ON) for a period of t,;, = 300 ns, Figure 22;
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5. Inductance coil L2 was normalized and IGBT power transistor T1 is in the locked state
(OFF) and IGBT power transistor T2 is found in a state of conduction (ON), Figure 23.

Thelogic sequence programming electronic block, Figure 11, performs the following functions:

* Should the coils L, and L, work in their superconducting state, in which case the IGBT
power transistor T1 will be in the conducting state (saturated), and the IGBT power tran-
sistor T2 is in the locked state. In this case, through the superconducting coil L = L1 + L2,
Figure 11 flows the current I1 = 80A.

* When the quench phenomenon appears, when at least one of the coils L1 or L2 is normal-
ized, V o\ anp transits from ‘0" logic to ‘1" logic. V., vanp triggers the voltage U, over a
period t,,, and both the IGBT transistors T1 and T2 are conducting, for a period of t,,, = 300
ns. In the following sequence, Figures 24-26, the IGBT power transistor T1 will be in the
locked state, and the IGBT power transistor T2 will be in the conducting state. Note that the
Uy, is the command voltage applied onto IGBT T1 and the U, is the command voltage ap-
plied onto IGBT T2. In this way, the superconducting coil L =L1 + L2 will be in parallel with
the discharge resistance R . The magnetic energy accumulated in the superconducting coil
L=L1+L2is dissipated through the protection resistor, discharge resistance R,. The energy
is discharged in the range of 1-10 k].

I Fuji 2MBI60ONT - 060

Power
supply
u=08Vv
I=0-150 A

— Ro
| Discharge

I resistance

==~

Figure 19. Coil inductance L = L1 + L2 is in the superconducting state, in which case IGBT power transistor T1 is in a state
of conduction (ON) and IGBT power transistor T2 is found in the locked state (OFF).
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Figure 20. Inductance coil L1 was normalized and both IGBT power transistors T1 and T2 are in a state of conduction
(ON) for a period of t,;, =300 ns.

Fuji 2MBISOONT - 060
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Figure 21. Inductance coil L1 was normalized and IGBT power transistor T1 is in the locked state (OFF) and IGBT power
transistor T2 is found in a state of conduction (ON).
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Figure 22. Inductance coil L2 was normalized and both IGBT power transistors T1 and T2 are in a state of conduction
(ON) for a period of t,; =300 ns.
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Figure 23. Inductance coil L2 was normalized and IGBT power transistor T1 is in the locked state (OFF) and IGBT power
transistor T2 is found in a state of conduction (ON).
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(L)

(=R

L J

L J

Figure 24. The time command diagram of ultrafast switches IGBT T1/IGBT T2, when the quench phenomenon appears
[14].

Figure 25. Simultaneous recording of signals U,,, (overhead), U, (in the middle) and Uy, (on the bottom), for a time
base set at 500 ns [14].

Figure 26. Simultaneous recording of signals V., ,.xp (0verhead), U, (in the middle) and U, (on the bottom), for a time
base set at 500 ns [14].
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From Figures 25 and/or 26, the maximum quench detection time of the QPS as £, = 800 ns can
be determined by assessing transition from logic zero to logic one (positive logic) of the signal
Uy, or by assessing transition from logic one to logic zero (positive logic) of the signal U,
respectively. The reaction time of the QPS, ¢, will take into account and by the actual transi-
tion from logic zero to logic one (positive logic), ‘t_ ’, for both the command driver's and the
IGBT's transistors, respectively. Thus, the transition from logic zero to logic one and transition
from logic one to logic zero, respectively, for the driver command type VLA 517—01R—FU]JI

[15], t -driver=t -driver=¢_ .. =1.5 us.

Also, the transition from logic one to logic zero for high-power IGBT transistor type Fuji
2MBI60ONT - 060 t_-IGBT is determined based on the dispersion of such semiconductor
device fabrication: (t_-IGBT),,, =0.48 us and (t -IGBT),,,, = 1.20 us. The reaction time , can
be calculated as follows:

MIN MAX

(a) The minimum reaction time is

to+ torver ¥ (g —IGBT), = 0.8 us + 1.5 us +0.48 us = 2.78 us.

RMIN _ FQ

t

(b) The maximum reaction time is

t t, +t

RMAX = Q DRIVER + (to

4~ IGBT),;,, =08 us+1.5 us+1.2 us=3.5 us.

The actual detection time lies in the interval ¢, = 2.78-3.5 us.

Advantages of the QPS [16], which provides the HTS coil structures protection to quench, are
as follows:

* Makes a quench detection under quench detection time ¢, = 800 ns;

* Makes a decoupling of the power supply, which supplies the superconducting coil through
an electronic ultrafast switch, capable of commuting under 1 ps;

* Makes the crossing of the superconducting coil in parallel on a discharge resistance, R,
after the decoupling from the voltage power supply, through an electronic ultrafast switch
capable of commuting under 1 ps.

2.2. The case of a variable number of HTS superconducting coils, which may form
dipolar, cuadripolare, sextupolare or octupolare structures

Active protection for multipolar set of superconducting coils, whose block diagram is given
in Figure 27, operates in the following way:

Constructively, a multiple number of 2, the superconducting coils 2-8 multipolar BS]I, ...,
BS8 superconducting coils forming the multipole assembly are connected in series. A mul-
tiple number of 2, from 2 to 8 electronic amplifiers with galvanic isolation blocks, equal
to the number of superconducting coil assembly previously established, BIG1, BIG2, ...,
BIGS8, having the role of individually conditioning the useful signal originated from each
superconducting coil in part, are disposed in parallel with each superconducting coil in
part, Figure 27. The two ultrafast electronic switches, Figure 27, K1 and K2, respectively,
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Figure 27. The block diagram of the experimental model of the QPS, which provides the HTS coils structures protection
to quench, for the case of a variable number of HTS coils, that may form dipolar, cuadripolare, sextupolare or octupolare
structures.
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perform connecting and disconnecting the power source voltage and discharge resistance
R, respectively [17].

The first ultrafast electronic switch, K1, allows for powering the superconducting multipolar
coils BS1, ..., BS8 from the power supply voltage, in normal operation, when all the super-
conducting coils are in a superconducting state. Also, the first ultrafast electronic switch, K1,
allows power supply decoupling when at least one of the multipolar superconducting coils
assemblies BS1, ..., BS8 was normalized.

The second ultrafast electronic switch, K2, allows coupling of the superconducting coils mul-
tipolar BS1, ..., BS8 on a discharge resistance, R, in the case when at least one of the multipo-
lar superconducting coils assemblies BS1, ..., BS§ was normalized. Also, the second ultrafast
electronic switch K2 allows multipolar superconducting coil BS1, ..., BS8 decoupling from
discharge resistance, R, in normal operation, when all the superconducting coils are in a
superconducting state.

One of the important electronic modules is the precision analogue summing circuit, Figures 27
and 28. The precision analogue summing circuit is achieved using three analogue-integrated
circuits type AMP 03, instrumentation operational amplifier from Analog Devices [18]. Each
of these operational amplifiers is used in specific connection of summing [18]. At the exit V, ,
Figure 28, we obtain the sum of all four signals that are applied to the inputs IN1, IN2, IN3

and IN4.

The performance of an active electronic protection system (QPS), in both cases A and B, can be
evaluated by the visualization and recording of dissipated energy on the discharge resistance
R, Figures 11 and 27, by using the system shown in Figure 29. When a high-temperature
superconductor (HTS) coil structure that is in a superconductive state is shifting into normal
conduction state (quench), the evolution of voltage drop on the superconducting coil struc-
tures will be that around the critical current, Figure 10 and Table 4.

U,

i
AMPO3 5 T "’\l\f\, 2
I_f oL 1—___—
Ampoz Y 6 N IN1
51 220n 3
5 7 L 2 |N2
[:/W\r 4 “ _"__L
4 €2 2200
s 1 — IN1+IN2 n —
Vout=IN1+IN2+IN3+IN4 <

]

3 Us ¢ 2200 T
7‘_| 2

T IN3+INg 5
4 €z 220n |
u. — [ r—
5] — IN3
AMPD3 3
p——

INg
o
1% o

/\

.

Figure 28. The electronic design of the precision analogue summing circuit, for the case of a HTS coils, cuadripolare
structures.
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Figure 29. The block diagram of the measurement apparatus, which allows the visualization and recording the dissipated
energy on the discharge resistance R,

ITA] U [mV]
10 3.75

20 10.4

20 9.5

30 14

40 19

45 21

50 24.6

55 28.6

60 32.44
65 37.64
70 44.22
75 52

80 61.4

85 70

90 81.35
95 94

100 147

110 650

120 >650 (Quench)

Table 4. The voltage U picked from the superconducting coil L, versus the injected current I, at 77.46 K temperature.
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The QPS will detect a quench situation. By multiplying the instantaneous current i(t) that
passes through the discharge resistance R, with the instantaneous voltage u(t) from the dis-
charge resistance R, the instantaneous power is obtained, Figure 29. The dissipated energy
on the discharge resistance R is obtained by integrating the instantaneous power.

The YBCO tape high-temperature superconductor, with a critical temperature of 92 K, is used
in the construction of superconducting coils tested. The superconducting coil structures are
immersed to a cryostat filled with liquid nitrogen as cryogenic agent to decrease the working
temperature of the HTS coil structures at about 77 K. Heat transfer by convection is mini-
mized by creating a vacuum at a level of 0.001 mbar.

The experimental results confirm that the quench protection works as expected for the work-
ing conditions of the YBCO tape HTS coil structures. Figure 30 shows the QPS of the super-
conducting coil during the experiments.

Figure 30. The experimental setup of the quench protection system of the superconducting coil during the experiments
(the superconducting coil and the power supply are connected) [14].

3. Measurement of the electrical resistance of the sensing element as part
of the resistive type gas sensors

Rare-earth oxides have been extensively explored for several advanced applications, such as
in electronics, optics and heterogeneous catalysis, thanks to their peculiar properties arising
from the availability of the 4f shell [19]. Ceria, either in its pure form or doped with cations
Ca*, Mg*, 5c¢*, Y*, Zr*, potentially has a wide range of applications like gas sensors [20],
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oxygen pumps and amperometric oxygen monitors and is adopted in three-way catalysts for
reducing the emission of the toxic pollutants (CO, NOx and hydrocarbons, etc.) from auto-
mobile, owing to its high oxygen storage capacity, associated with its rich oxygen vacancies
and low redox potential between Ce** and Ce*. CeO, doped with rare-earth ions exhibits
high oxide ion conductivity at a relatively low temperature (about 600°C) and thus has been
applied in solid oxide fuel cells [21, 22]. In case of rare-earth-doped CeO,, the Y,0, (YDC)
system has been studied due its relatively high electrical conductivity and the relative abun-
dance of the yttrium element. The measured electrical conductivity value is 3.0 x 10 S/cm at
500°C and 6.0 x 102 S/cm at 700°C. If the sensing element is resistance, as components of the
gas sensor can range from less than 100 QQto several hundred of kQ, depending on the sens-
ing element design and the physical environment in which to be measured, you can use two
main methods, as follows: measuring resistance indirectly, using a constant current source or
measuring resistance using the Wheatstone bridge for which a single element varies.

3.1. Measuring resistance of the sensing element indirectly, by using a constant current
source

If the power dissipation through the resistive sensing element is small, a technique for mea-
suring resistance can be used, as shown in Figure 31. This technique consists of measuring
the voltage output when a constant current is injected through the resistive sensing element,
using an accurate means of measuring the voltage and an accurate current source, respec-
tively. Thereby, any change in the current will be interpreted as a resistance change.

3.2. Measuring resistance of the sensing element by using the Wheatstone bridge for
which a single element varies

A Wheatstone bridge measures resistance indirectly by comparison with a similar resistance,
Figure 32(a). In this case, all the resistances are nominally equal, but one of them (the sensing
element) is variable by an amount AR. As the equation indicates, Figure 32(b), the relationship
between the bridge output and AR is not linear. By using an instrumentation operational ampli-
fier, (in-amps) as a Wheatstone bridge amplifier, is performed a better gain accuracy. Usually,
this gain accuracy is set with a single resistor, RG and does not unbalance the bridge [23].

Excellent common mode rejection can be achieved with modern in-amps. The excitation volt-
age V is typically 10 V. stabilized.

— VT 1R + AR)
f—-—} O
M

! -, R+ AR

Figure 31. Method of indirect measurement of the resistance, using a constant current source.
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Figure 32. A single-element-varying Wheatstone bridge topology, which uses an instrumentation operational amplifier
(in-amps), as a bridge amplifier. (a) A single-element varying Wheatstone bridge. (b) Using an instrumentation
operational amplifier as a Wheatstone bridge amplifier.
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Abstract

In the coastal aquifer of the lowlands on the right side of the river Sinaloa there is need
for fresh water for agricultural development since, around 15% of the water used in agri-
cultural irrigation, is from underground sources. This situation is exacerbated in periods
of drought, which promotes drilling with the risk of finding brackish water in them;
besides, there is the risk of not meeting water demand due to low hydraulic transmis-
sivity (T) of the aquifer, putting at risk the drilling costs that this implies. In this sense,
the determination of T and K (hydraulic conductivity) is important for the development
and management of groundwater exploitation of the study area. Generally by means of
pumping tests in wells, T is obtained, with high costs, so there are few values of T. K is
generally obtained by wells and laboratory test. The aim of this chapter is to establish an
empirical relationship between T and K with Dar-Zarrouk parameter in porous media,
transverse resistance (T,), in addition to a characterization of the water quality through
the electrical resistivity. This parameter is estimated from surface resistivity measure-
ments, which are more economical in relation to the pumping tests; thus, T was character-
ized in the study area. The coefficient of correlation of the exponential adjustment is 0.79
and the relation is T = 137185.7 T, *™7*-156691 and K = 367.21°"* -518.813 with coefficient
of correlation of 0.678.

Keywords: electrical resistivity, water quality, transverse resistance, hydraulic
transmissivity, hydraulic conductivity

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINN



84

Electrical Resistivity and Conductivity

1. Introduction

Groundwater of the coastal aquifer in the lowlands of the right side of the Sinaloa River
constitutes an important support element for the development of agricultural activity in the
region, especially during periods of drought. In order to extract groundwater, it is necessary
to perform perforations, whose costs are high. In addition to the high cost is the uncertainty
of finding fresh water, so it is desirable to have a preliminary characterization of the quality
of groundwater, as well as the hydraulic property, which defines the aquifer water produc-
tion. Hydraulic transmissivity (T) determines the flow of groundwater that is transmitted
through a vertical strip of aquifer-wide unit under a hydraulic gradient unit. This parameter
is required in numerical flow modeling processes [1, 2]; recharge tests; and in the determina-
tion of the radius of influence of a well for the determination of the perimeters of protection
to the contamination of well water, among others. It is useful to estimate the resource ground-
water and its integral management [3] through pumping tests, which generally are scarce
due to high costs; therefore, the power to determine it through geoelectric parameters such
as the resistivity of the aquifer formation, obtained through a vertical electrical sounding [4]
is of interest, since this is a non-destructive, economical method and no drilling is required
for its realization. The hydraulic limitations presented by the aquifers are directly related to
the permeability and thickness that each sequence of the sedimentary cover can develop [5].
The physical analogy between hydraulic and electric flow has been a motivation to study for
several authors [2, 3, 6-12] who present relations between electrical and hydraulic param-
eters of an aquifer. Nourbehect [13] presents a general theoretical approach on the coupling
between various flows of fluids of nature through a functional relation, which allows to estab-
lish that there are relations between electrical and hydraulic parameters. In this work, we are
experimenting in the search for exponential relations between R and R ; T and K with the
electric transverse resistance. The transverse resistance is one of the Dar-Zarrouk parameters
and has been proved to be useful in the evaluation of hydraulic conductivity and transmis-
sivity [14-20]. In a flat and stratified earth model, each geoelectric layer is characterized by a
thickness /1 and an electrical resistivity p. These parameters allow obtaining the parameter of
Dar-Zarrouk, the electric transversal resistance (T}), which, for a layered medium of 7 layers,
in each layer is defined as:

T, = hp )

Niwas and Singhal [21] found analytic relationship between the parameters of Dar-Zarrouk
and T as:

T = (Ko)T, and assuming that the product Ko remains unchanged in areas with similar geo-
logical setting and water quality T = CT,. By knowing the value of this constant C, the T and
K can be calculated by knowing T,.

Ponzini et al. [8] found an empirical function between the transversal electrical resistance of an
aquifer with its T. The shape of the relation between aquifer properties and geophysical param-
eters can be linear or non-linear [16]. The empirical function found is of the potential type of
the form TR = AT + B, where T, is transversal resistance, T the hydraulic transmissivity, and
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the terms A, M, and B are constant. Soupios et al. [22] found relations between electrical cross-
resistance and hydraulic transmissivity with an expression of the form proposed by Ponzini
et al. [8]. Perdomo et al. [23] established a relation of the form T = A.TRM. On the other hand,
Kazakis et al. [12] obtained linear relations between the K and the resistivity of the aquifer. Some
authors have found a linear relationship between T and T, [16-19]. The works of these authors
suggest that there is a relation between the transmissivity of an aquifer and the parameter of
Dar-Zarouk, also that this relation is influenced by the geo-hydrological conditions of the place
and maintains an exponential relation. Under these circumstances and taking into account that
T, T, and electrical resistivity can be obtained from surface measurements of electrical resistiv-
ity in combination with pumping tests, it is possible to find relations for the study area.

2. Materials and methods

2.1. Description of the study area

The study area is located between the coordinates 25°16'50" and 25°41'13" north latitude and
108°24'51" to 108°41"22" west longitude (see Figure 1). The climate is dry, very warm, and warm
with rains in summer. The average annual precipitation is 300-400 mm (1986-2013) [24]. The
average annual temperature is 22-24°C for the 1986-2013 series [24]. Soils are of alluvial origin,
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Figure 1. Localization of the study area.
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Cenozoic era, quaternary period, predominating soils Vertisol (62.55%), Solonchak (21.72%),
Cambisol (3.17%), Kastafiozem (2.58%), Regosol (2.13%), Phaeozem (1.52%), Arenosol (1.24%),
Fluvisol (0.92%), and Leptosol (0.56%) [25].

The topographical relief is smooth, has a gradient that goes from 0.5 to 1 m per kilometer in a

northeasterly direction (Figure 2). This was obtained from the heights of the ledge of the wells.

2.2. Wells information

Thirty wells were analyzed with a depth between 100 and 150 m, which were built by the
National Water Commission. The wells are geotagged with a portable GPS brand Magellans.
Water samples were obtained from each well; for this the wells in operation were sought, and
groundwater electrical conductivity was measured in situ. Each of the wells counts with infor-
mation of pumping tests at constant flow rate and steady state in recovery, lithologic columns,
and well construction design. With the information of the pumping tests, T was obtained by
the Theis method [26].

The interpretation of the pumping tests indicated that 3.3% of the T values are comprised in
medium high, 6.7% in high, and 90% in very high according to the classification of Villanueva
and Iglesias [26].
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Figure 2. Topographic relief of the study area.
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The Theis method presupposes that the well crosses the whole aquifer. In this case, the
correction was not made, because at the moment, neither with geophysics nor with the
columns of the wells, the total thickness of the aquifer is known. On the other hand, the
impact of the lack of correction is insignificant, since the observed descents are less than
15% of the total saturated thickness, that is, the thickness is greater than 150 m and the
observed descent is less than 10 m; thus, according to [26] it is not necessary to make the
correction to Dupuit when the descents are inferior to 15 by 100 of the initial saturated
thickness, H,.

2.3. Aquifer geometry

With the information of the 30 lithological columns of wells, the geometry of the aquifer of the
study area was determined. Figure 3 shows a section with the sequence of materials where an
abundance of gravel with silty clay matrix, standing out in the presence of a body of gravel
is seen. The lithological columns of the wells that have depths between 100 and 150 m do not
show a geological or hydrogeological basement.

Well number
2 1 8 ] 18

Height in meters above mean sea level

0 2000 4000 G000 2000 10000 12000
Distance in meters
Symbology
Mudd
. Muddy| gang | C@Ve!| Gravel| Muddy Y| Gravel
Clay | Tuffs Sin sand n sand | muddy | gravel ;ﬂ

Figure 3. Section perpendicular to the Sinaloa River.
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2.4. Vertical electrical soundings

Fourteen wells were selected from 30 wells. In these, a vertical electrical survey was carried
out, having them as the center of the sounding. The Schlumberger array was used with a
maximum current electrode separation of 500 m the soundings were interpreted by direct
modeling using the Guptasarma algorithm [27].

2.5. Relation between R and R,

With the modeling of the vertical electrical sounding, the resistivity (R ) of the saturated
thickness of the formation is obtained. R  value is obtained from the field measurement of
well water samples in pumping. From the different values of R and R by minimum squares
adjustments, the constants A and B of the linear relation are obtained:

R, = AR,+B )

3. List of hydrological parameters (T and K) with geoelectric
measurements and pumping tests

With information from true resistivity (R ) of each layer and its thickness (/) T, was obtained,
which was related to T and K from the exponential expressions of the form:

T=A.TRM+B 3)
K=A.TRM+B (4)

Where T is the hydraulic transmissivity, K is the hydraulic conductivity, T, is the trans-
verse resistance, and A, M and B are constants obtained by minimum squares adjustment.

4. Results and discussion

4.1. Geoelectric sounding

Figure 4 shows the result of the VES performed in wells 1 and 10. For the modeling of the
VES data, the available information of the lithological columns, static level of the water, and
its salinity was considered. Experimental data and their corresponding models, as well as
the root-mean-square (RMS) error of each adjustment are presented. The lithological rela-
tionship with electric resistivity allows delimiting the aquifer area, characterized by pre-
dominantly low clayey materials. In the case of well 1, the electrical resistivity was 13.04
Q-m, and in the case of well 10, it varied from 9 to 29 Q-m. The presence of materials with
clay wells favors the T — T ratio [10].
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Figure 4. VES experimental data with their respective interpreted model compared with lithological column.

4.2. Water quality

Some authors [11, 28-30] have successfully applied the Archie’s law to hydrogeology studies.
Figure 5 shows the fit for 14 pairs of R - R values that illustrate a linear function directly
proportional connecting the groundwater resistivity (R ) and the saturated layer resistivity
(R); as the pore water resistivity increases, the formation resistivity increases as well. The
constants A and B are 1.014091 and —2.316, respectively. The correlation factor resulting from
the adjustment is 0.90, therefore

R, = 1.014R -2316 (5)

The practical meaning of this relation is that, if it is desired to perform a perforation in the
study area, it is possible to perform a vertical electrical sounding prior to drilling; its interpre-
tation can be determined by R, which when placed in the above expression enables a priori
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Figure 5. Bulk resistivity versus aquifer resistivity.

value, R . Electrical conductivity (EC) of water is inversely proportional to the electrical resis-
tivity and is determined by the expression

EC = 2 (6)

w

With the value of the EC and considering the relationship between EC and total dissolved
solids (TDS), salinity can be obtained by the expression [31]

1000EC
165 @

With the value of TDS, the type of water expected can already be determined [32]. From the
interpretation of the VESs, it was found that the resistivity of the aquifer formation R varies
between 7.4 and 21.9 Q-m, for its part, the water of the formation presented a resistivity that
oscillated between 5.2 and 19.2 Q-m (see Table 1). Value of R is 10 Q-m and R  is 7.825 QQ-m.
This value corresponds to 774 ppm of TDS (salinity); thus, it is fresh water according to the
classification of Heath [32]

TDS =

4.3. The relationship between T and T,

From R and aquifer thickness () values, T, was determined. Table 1 shows the T, values for
14 wells and their respective T and K values. Figure 6 shows that T, and T have a relationship
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Well number Well depth  Porewater Hydraulic Hydraulic = Computed parameters— VES
resistivity (R , transmissivity conductivity interpretation

Q-m) (m/day) (m/day) 1 (m) R, resistivity TR
(Q-m) transverse
resistance
(Q m?)
1 150 10.3 3410.3 25.8 132.2 12.7 1676.3
2 150 14.7 29254 225 130.3 15.1 1965.2
3 120 19.2 1588.2 22.7 70.0 17.8 1246.6
6 150 10.8 3157.8 35.3 89.5 124 1111.3
7 134 6.7 3116.2 31.3 99.7 10.7 1066.8
10 120 17.5 4294.6 47.8 89.8 21.9 1968.1
11 121 14.7 2354.1 30.7 76.7 16.5 1266.3
13 120 11.9 1694.8 17.7 95.9 11.3 1088.1
19 120 8.3 452.4 4.8 94.9 9.1 865.0
20 150 5.8 1675.7 14.7 113.6 8.5 962.0
21 150 52 987.4 7.8 126.5 7.4 932.4
22 120 6.8 715.5 8.3 86.0 10.2 876.0
28 122 72 3139.2 31.9 98.4 12.9 1265.5
29 120 9.8 2063.2 21.5 95.8 12.2 1164.4

Table 1. Data used and interpreted parameters.

as those found in Refs. [8, 11, 23]. The adjustment to the graph is of exponential type with
values of the coefficients A, M, and B of 137185.7, 0.020758, and -156691, respectively. The
coefficient of correlation of the exponential adjustment is 0.79.

T = 1371857 T, *™0"% - 156691 )

The values of the coefficients depend on the geological conditions, so Ebong et al. [11] found
T=0.2319T %", Perdomo et al. [23] T=0.53 T,**, Ponzini et al. [8] T, = 4.022 x 10°T**7 + 17.2.

Other authors have found direct linear relationship: Niwas and Celik [10] assumed that the
product Ko remains unchanged in areas with similar geological setting and water quality;
Frohlich and Kelly [33], for a constant water resistivity value of 100 QO-m, obtained a linear
relationship between T, and T; and Kosinsky and Kelly [34] in glacial outwash material.

Since Ko is not constant, then according to [10], the expected relation between T and T, is
not linear but exponential. This is due to the geological nature of the study area, which is
expressed through the distribution of T and the EC of the aquifer. The values of T are high and
vary from 452.4 to 4294.6 m?/day. The EC varies between 0.45 and 1.35 mS/cm.
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Figure 6. Relation between hydraulic transmissivity and transverse resistance.

4.4. The relationship between K and T,

Hydraulic conductivity K was obtained from the relation T = Kb, finding that this varies from
4.77 m/day to 47.83 m/day. It is an essential parameter to describe water movement under
saturated conditions [35]. With the T, and K values of each well, Figure 6 was constructed,
which in an analogous way to T — T,. The values of the coefficients of the exponential adjust-
ment A, M, and B were 367.21, 0.0548, and —518.813, respectively. The coefficient of correlation
of the exponential adjustment is 0.678.

K = 367.21°%4 -518.813 9)

Measurements of aquifer resistivity are useful to estimate the aquifer hydraulic conductivity
due to the fundamental relation between K and electrical conductivity [36]. Kelly [37] worked
with glacial outwash materials and obtained a linear connection between resistivity and K in
relatively uniform water quality. The exponential relation allows to correlate K with T,, in an
area where T and o already indicated are not uniform.

5. Conclusions

Exponential relations between geohydrologic parameters (T, K) and geoelectric parameter (T )
have been found with a good statistical adjustment. These relations allow to characterize the
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water quality and the transmission capacity of the aquifer; therefore, for placements between
the wells with which the empirical relations were obtained, there is a characterization so that
from the realization of VES a geoelectric section of the subsoil, which includes the value of
R, thus obtaining T,. When T, is obtained, relations with T and K can be found. With these
relations, scenarios can be proposed on descents in future wells to be performed. Thus, the
relations found guide the planning and use of groundwater.
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Abstract

This chapter presents an important application of the electrical conductivity measure-
ment in cryopreservation. Long-term cryopreservation of cells and tissues is essential in
both clinical treatments and fundamental researches. In order to reduce the cryo-injury
to the cells during cryopreservation, cryoprotective agents (CPAs) should be added
before freezing, but also removed after thawing duo to the cytotoxicity. In these steps,
severe osmotic stresses may result in injuries to the cells too. Therefore, monitoring the
addition and removal of CPAs to the cell samples is critical in order to prevent the
osmotic injury. In this chapter, the electrical conductivity measurement was applied to
assess the CPA concentration in cryopreservation. Firstly, the standard correlations
between the CPA concentration and the electrical conductivity of the solutions (includ-
ing CPA-NaCl-water ternary solutions and CPA-albumin-NaCl-water quaternary solu-
tions) were experimentally obtained for a few mostly used CPAs. Then a novel
“dilution-filtration” system with hollow fiber dialyzer was designed and applied to
remove the CPA from the solutions effectively. Measurement of electrical conductivity
was validated as a safer and easier way to on-line and real-time monitoring of CPA
concentration in cell suspensions. This work demonstrated a very important application
of electrical conductivity in the biomedical engineering field.

Keywords: electrical conductivity (EC), cryopreservation, cryoprotective agent (CPA),
addition and removal of CPA, dilution-filtration, hollow fiber dialyzer
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1. Introduction

Cryopreservation of biological materials, including DNA/RNA, virus, bacteria, cells, tissues,
and organs, both diseased and healthy samples, is essential for both fundamental researches
and clinical applications. In cryopreservation, biological materials are cooled down to dormant
state at low temperatures (such as —80 or —196°C, the temperature of liquid nitrogen) for long-
term storage, and later thawed back to the normal physiological temperatures before usage
with recovered viability and functionalities. However, there is a contradictory between the
facts that the biological materials can be sustained at low temperatures, whereas their func-
tions can be damaged during the cooling and thawing processes. There were very few success-
ful cases of cryopreservation before 1940s.

Since glycerol was discovered to protect cells from cryoinjury in the late 1940s [1], the field of
cryopreservation entered a new era. In order to reduce the cryoinjury to cells, cryoprotective
agents (CPAs) should be added before freezing. Later, more and more CPAs have been proved
effective for different cell types under diverse conditions, such as dimethyl sulfoxide (DMSO or
Me,S0), glycerol, propylene glycol (PG), ethylene glycol (EG), sugars (glucose, sucrose, treha-
lose), and macromolecules (dextran, hydroxyethyl starch (HES), polyvinylpyrrolidone (PVP)),
which have indelible contributions to fundamental researches and clinical trials. However, CPAs
might be toxic to cells, especially when cells and CPAs coexist at temperatures above 0°C for
extended time. Meanwhile, if the added CPA is infused to patients together with the frozen-
thawed cells, adverse reactions from mild to severe life-threatening problems may happen. For
example, as the most widely used CPA, Me,SO transplanted to patients may cause nausea,
vomiting, chill, dyspnea, cardiac arrhythmia, hypotension, oliguric renal failure, and heart block,
especially for pediatric patients [2-5]. The adverse effects of Me,SO can even be cumulative
when multi-dose cell therapies are implemented. Thus, generally, it is recommended to remove
CPA from the cell suspension after thawing to an acceptable extent.

However, during the CPA removal, as well as its addition, osmotic injuries may happen to the
cells if suboptimal procedures are applied. When a CPA with high concentration is added to or
removed from cell suspensions, due to the osmolality difference between intracellular and
extracellular solutions, cells will shrink or expand dynamically. This cell volume excursion can
cause severe injury to the cells, that is, osmotic injury [6]. Therefore, fast and accurate assessment
of the CPA concentration in the cell suspension during addition and removal is very important.
In order to assess the CPA concentration in cell suspensions, a few methods have been applied
by researchers, such as capillary zone electrophoresis [7]), high-performance liquid chromatog-
raphy (HPLC) [8], and gas chromatography [9]. However, all these approaches are very com-
plex, time-consuming, and expensive. In addition, special chemical agents, apparatuses, and
expertise are needed. Inspired by the fact that the electrical conductivity of solutions depends
on the composition and concentration of the ingredients, in this chapter, we demonstrated a
method of electrical conductivity (EC) measurement to assess the CPA concentration [10, 11],
which has been proved much simpler and cheaper, thus, more applicable for real-time monitor-
ing of the CPA concentration during the CPA addition and washing procedures.

For the CPA removal method, nowadays, centrifugation is the most widely used method [12-16].
Briefly, isotonic washing solution is added to the cell-CPA suspension slowly. After equilibration
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for a few minutes, the mixture is centrifuged, and then, CPA in the supernatant is removed. This
dilution-centrifugation procedure usually needs to be repeated for a few times until the residual
CPA concentration reaches an acceptable level. This method has many disadvantages, such as
intense labor and time consumption, high possibility of contamination, osmotic and mechanical
injury to the cells, clumping of cells due to centrifugation, and others. Thus, it would be highly
desirable to find more reliable alternative methods for a CPA removal. Thus far, a few alternative
approaches have been developed for CPA removal. Dialysis mass transfer in hollow fiber
dialyzer has been proposed by some researchers [17-20]. However, the large osmolality gradient
across the hollow fiber membranes can cause severe osmotic damage to the cells, especially at the
beginning of the mass transfer process when cell suspension and diluent solution mix together in
the dialyzer. To reduce osmotic injury to the cells, priming of the dialyzer with hyperosmotic
solution first, which introduces extra complexity and time consumption, is generally required.
Meanwhile, due to the non-uniform distribution of osmolality gradient across hollow fiber
membranes along the fibers, mass transfer in the dialyzer is very complicated and hard to be
well controlled. These problems prevent dialysis method from being an effective and reliable
approach for CPA removal. Recently, Hubel et al. developed a method based on mass diffusion
in microfluidic flows for CPA removal [21, 22]. However, therein the mass transfer rate is low
since passive diffusion due to concentration gradient is the driving force for mass transfer. This
system is hard to be scaled up for large volume samples.

In order to overcome the difficulties mentioned above, we proposed a method of “dilution-
filtration” with hollow fibers for removing CPAs [11, 23, 24] (which is also applicable for CPA
addition). The osmotic shock to cells when contacting with diluent and the removal rate of
CPA can be well controlled by the dilution ratio and filtration rate, respectively. Compared to
other methods, this “dilution-filtration” system can decrease cell loss, improve CPA removal
effectiveness, easily manipulate the final sample volume, and diminish the possibility of
contamination due the closed-loop system.

In this chapter, the electrical conductivity measurement was applied to assess the CPA concen-
tration in cryopreservation. First, the standard correlations between the CPA concentration
and the electrical conductivity of the solutions (including CPA-NaCl-water ternary solutions
and CPA-albumin-NaCl-water quaternary solutions) were experimentally obtained for a few
mostly used CPAs, including Me,SO, EG, and glycerol. Then, the “dilution-filtration” system
with hollow fiber dialyzer was applied to remove CPA from the solutions.

2. Electrical conductivity (EC) of the CPA solutions

2.1. Materials and methods
2.1.1. Measurements of EC of the Me,SO-NaCl-water ternary solutions

The EC of Me,SO-NaCl-water ternary solutions with different Me,SO and NaCl concentra-
tions was measured. In the solution preparation, NaCl-water solutions (NaCl: 99.6% pure,
Mallinckrodt Baker, Inc., Phillipsburg, NJ) were first prepared with NaCl concentrations of
0.9, 1.8, 4.5, and 9 wt%, which were presented as r =1, 2, 5, and 10, respectively, that is, r is the
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relative concentration of NaCl compared to the isotonic NaCl solution. Then, Me,SO (100%
pure, Mallinckrodt Baker, Inc., Phillipsburg, NJ) was added to the NaCl-water solutions with
volume percentages of 0, 2.5, 5, 7.5, 10, 20, 30, 40, and 50% (v/v). The EC data of the ternary
solutions were measured with a conductivity meter (Orion 4-Star, Thermo Fisher Scientific
Inc., Waltham, MA) at the AUTO-READ mode at room temperature (22 + 0.5°C). After each
measurement, the conductivity probe was rinsed with DI water and dried before the next
measurement. Each individual solution was measured three times.

2.1.2. Measurements of EC of glycerol-NaCl-water and ethylene glycol-NaCl-water ternary solutions

Glycerol and EG are the other two types of CPAs that have been widely used in cryopreserva-
tion. Similar to the procedures mentioned above, the ternary solutions consisted of glycerol or
EG (Mallinckrodt Baker, Inc., Phillipsburg, NJ), NaCl and DI water. When preparing the
ternary solutions, NaCl crystal powder was first dissolved in DI water by weight to obtain
final concentrations of 0.9, 1.8, 4.5, and 9 wt%, which were presented as r = 1, 2, 5, and 10,
respectively. Second, glycerol or EG was added to NaCl-water solutions with different volume
percentages from 0 to 50% (v/v). When preparing the glycerol solution, mass weighting was
applied to precisely control the glycerol volume since small volume of glycerol was hard to be
prepared due to its high viscosity. Then, the solutions with different NaCl and CPA concentra-
tions were measured at room temperature for EC. For each solution, the measurement was
performed at least for three times.

2.1.3. Effect of albumin on the electrical conductivity of the NaCl-albumin-water ternary solutions

Albumin usually exists in blood, culture medium, and cell products. In order to investigate the
influence of albumin on the EC of the solution, NaCl-albumin-water ternary solutions were
prepared. Similar to the procedure above, 0.9% (w/v) NaCl solution was prepared first. Then,
bovine serum albumin (Sigma-Aldrich) was added to the NaCl solution with different final
concentrations: 0, 2, 4, 6, 8, and 10% (w/v). Then, the EC of these solutions was measured at
room temperature. Each solution was measured for three times.

2.1.4. Effect of Me,SO on the electrical conductivity of the NaCl-albumin-Me,SO-water quaternary
solutions

In cryopreservation, cells may be in the NaCl (or other salts)-albumin-Me,SO-water solution.
During Me,SO addition and removal, Me,SO concentration increases or decreases, while
albumin remains in the suspension. In order to apply the EC measurement to assess the Me,SO
concentration, we need to consider the influence of Me,SO on the EC data.

NaCl-albumin-Me,SO-water solutions with different Me,SO concentrations were prepared
and measured. Briefly, a ternary solution of 0.9% (w/v) NaCl-5% (w/v) albumin-water was
prepared first. Here, 5% albumin concentration was chosen because this concentration was
generally used in cell culture media. Then, this ternary solution was mixed with Me,SO to
make NaCl-albumin-Me,SO-water solutions with different Me,SO concentrations (0, 2.5, 5,
7.5, 10, 20, 30, 40, 50% (v/v)). When preparing these solutions, they were immersed in ice and
the mixing was performed slowly such that the solution temperature was not heated up too
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much. Then, the EC of these solutions was measured at room temperature. Each solution was
measured at least for three times.

2.2. Results
2.2.1. Standard electrical conductivity data of Me,SO-NaCl-water ternary solutions

The EC data of Me,SO-NaCl-water ternary solutions are shown in Figure 1. Obviously, the EC
depends on both the concentrations of NaCl and Me,SO. The higher of NaCl concentration
(larger r value) or the lower of Me,SO concentration, the higher will be the EC of the solution.
From the data, it shows that the dependence of EC on Me,SO and NaCl concentrations can be
written as an exponential function:

EC=AxePc 1)

where EC is the electrical conductivity of the ternary solutions (mS/cm); C is the concentration
of Me,SO (v/v, %); A and B are constants. It is interesting that B = —0.036, the same for different
r values (different NaCl concentrations) (except B = —0.035 for r = 1, which difference may be
due to the measurement accuracy). A is determined by NaCl concentration (shown in Figure 2)
and can be estimated by:
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Figure 1. Electrical conductivity of Me,SO-NaCl-water ternary solutions.
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Figure 2. Dependence of A on NaCl concentration (r).

A= —0.3777r* + 15.828¢

Accordingly, the EC of Me,SO-NaCl-water ternary solutions can be estimated by:

EC = (—0.37771* 4 15.828r) x ¢ 206 C

©)

®)

Specifically, for Me,SO-0.9% NaCl-water ternary solutions (r = 1, the general case for cell
suspension), the dependence of EC on Me,SO concentration can be fitted by:

2.2.2. Standard electrical conductivity data of glycerol-NaCl-water and ethylene glycol-NaCl-water
ternary solutions

EC = 15.836 x ¢ 003C

4)

The EC results of glycerol-NaCl-water and ethylene glycol-NaCl-water ternary solutions are
shown in Figures 3 and 4. Obviously, when CPA concentration increases or salt concentra-
tion decreases, the EC of the solution decreases. The dependence of CPA concentration on
the EC can be also fitted by exponential equations.
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Figure 3. Electrical conductivity of glycerol-NaCl-water ternary solutions.
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For glycerol-NaCl-water ternary solutions, it can be presented as follows:

EC=A-¢00C  (R?>0.99) 5)
For ethylene glycol-NaCl-water ternary solutions, the EC can be predicted as follows:

EC=A e 00 (R?>0.99) (6)

A is determined by the salt concentration (r value).

2.2.3. Effect of albumin on the electrical conductivity of the 0.9% NaCl-albumin-water ternary
solutions

The effect of albumin on the EC of albumin-NaCl-water ternary solutions is shown in Figure 5.
In this experiment, the concentration of NaCl in the solutions was constant (0.9% w/v), and
albumin concentration changed from 0 to 10% (w/v). Obviously, when the concentration of
albumin increases, the EC of the solution decreases. The data can be fitted linearly as follows:
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Figure 5. Effect of albumin on the electrical conductivity of albumin-0.9% NaCl-water ternary solutions.
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EC = —0.1656- C +15.969, (R =0.996) )

where C is the concentration of albumin (w/v%).

The data can also be fitted exponentially as follows:

EC =15.983.¢ %01C  (R? =0.9948) (8)

Compared to Eq. (3), it implies that albumin and Me,SO decrease the EC of the solutions with
similar exponential ways, yet with different decreasing rates. For Me,SO, the exponential
constant B is —0.036, and for albumin, the constant is —0.011.

2.2.4. Effect of Me,SO on the electrical conductivity of the 0.9% NaCl-5% albumin-Me,SO-water
quaternary solutions

In the Me,SO-albumin-NaCl-water quaternary solutions, only the concentration of Me,SO was
changed. Its effect on the EC of the solutions is shown in Figure 6. Once again, we can see that
the data can be well fitted by an exponential function as follows:
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Figure 6. Effect of Me2SO on the electrical conductivity of Me,SO-5% albumin-0.9% NaCl-water solutions.
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EC = 15457 -¢7%%C  (R? = 0.9977) 9)

where the exponential constant is —0.035, very close to the constant in Eq. (3).

3. Removal of CPA with dilution-filtration and assessment of CPA
concentration with electrical conductivity measurement

3.1. Materials and methods
3.1.1. “Dilution-filtration” system for CPA removal

The “dilution-filtration” system for CPA removal is sketched in Figure 7. It mainly consists of
three peristaltic pumps (400F/M1, Watson-Marlow, Wilmington, MA), one hollow fiber dia-
lyzer (Hemoflow, F5HPS, Fresenius Medical Care, St. Wendel, Germany), a T-shape connector,
and some silicon tubings (985-75, Pall, Port Washington, NY). Pump 1 and pump 3 cooperate
to control the fluxes of diluent (qq) and cell suspension (qc). Diluent and cell suspension mix
thoroughly in the T-shape connector and tubing, pass through the hollow fibers, and then,
return to the cell suspension container. Pump 2 controls the filtration rate (q,). Filtrated
solution is collected in the waste solution container. Herein, the diameter of the tubings
perfectly matches the pumps. When the peristaltic pump stops, it can also function to clamp
the tubing loop, which prevents pressure loss inside the dialyzer. The dialyzer made of
polysulfone was chosen in this work because of its large cross-membrane flux capability, high
clearance efficiency of CPA, and low cost. Macromolecules (such as proteins and albumin) and
cell debris cannot pass through the hollow fiber membranes, which leads to the simplicity of
contents in the waste solution (only saline and permeable CPA, e.g., Me,SO) and benefits the
monitoring of CPA concentration.
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D ]

f— [Ulrafiltrate

L

1 Electrical
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@ ) DEmometer
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Pump 2 Waste Solution

Figure 7. “Dilution-filtration” system for CPA removal.
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3.1.2. Me,SO removal with the “dilution-filtration” system

The 10% (v/v) Me;SO-0.9% (w/v) NaCl-water ternary solution and 10% Me,SO (v/v)-5% (w/v)
BSA-0.9% (w/v) NaCl-water quaternary solution were used to mimic cell suspension with
CPA. Isotonic NaCl solution (0.9%, w/v) was used as diluent. The actual pumping and filtra-
tion rates of the three pumps were calibrated before experiments. The “dilution-filtration”
protocol was as follows:

Step 1 (priming): Pump 2 and pump 3 were shut down. Pump 1 was run at 100 mL/min for 1
min to drive the “cell suspension” to prime the hollow fibers (from bottom to top) and
tubings.

Step 2 (dilution-filtration): Pump 1 and pump 3 were set to achieve g, = 200 mL/min and qq =
20 mL/min. Pump 2 was set to achieve filtration rate of q, = 20 mL/min. Herein, q4 = q, such
that the volume of “cell suspension” kept constant. The “cell suspension” container was
kept agitating for better mixing. This step was run for 45 min. The osmolality and EC of both
the “cell suspension” and waste solution were measured after every minute during the
process.

Step 3 (“cell suspension” retrieval): Pump 2 and pump 3 were shut down. Pump 1 was set to
run slowly (20 mL/min) in reverse direction for at least 4 min to retrieve the “cell suspen-
sion” in the tubings and dialyzer back to the cell suspension container.

3.1.3. Real-time monitoring of Me,SO concentration

In order to real-time monitor the Me,SO concentration during processing, EC measurements of
the filtrated product (waste solution) were implemented. In Step 2 of the procedure (dilution-
filtration) described above, after every minute, the EC of the newly collected waste solution
(volume: ~20 mL) was measured. For verification, the osmolality of the waste solution was also
measured by an osmometer (Wescor Inc., Logan, UT) with the working mechanism of vapor
pressure assessment. The EC and osmolality of the “cell suspension” in the experiments were
also measured after each minute of dilution-filtration for comparison with those of waste
solution. All the measurements were conducted twice for each data.

3.2. Results
3.2.1. Me,SO removal from Me,SO-0.9% NaCl-water ternary solution by “dilution-filtration”

The experiment results of Me,SO removal from Me,SO-0.9% NaCl-water ternary solution by
“dilution-filtration” system are shown in Figure 8. After processing for 45 min, the volume of
“cell suspension” was 196 mL, which was very close to the original volume (200 mL). Totally,
860 mL isotonic NaCl solution was used as diluent. Figure 8A shows the EC and osmolality of
the waste solution that was achieved every minute. According to Eq. (4), EC data were converted
to Me,SO concentrations of the waste solution, shown in Figure 8B. The Me,SO concentration
decreased to <1% (v/v) after 35 min. The results also show that Me,SO concentrations estimated
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Figure 8. Me,SO removal from Me250-NaCl-water ternary solution by “dilution-filtration.” (A) Conductivity and osmo-
lality of waste solution; (B) Me,SO concentration and osmolality of waste solution; (C) conductivity of “cell suspension”
and waste solution; and (D) Me,SO concentration of “cell suspension” and waste solution.

by electrical conductivity measurements match the osmolality data very well, which implies EC
measurement can be used to monitor the Me,SO concentration during processing.

The EC data and converted Me,SO concentrations of “cell suspension” and waste solution are
shown in Figure 8C and D. After about 10 min, the difference between “cell suspension” and
waste solution was very small. After 20 min, they were almost identical to each other. The
discrepancy between “cell suspension” and waste solution in the beginning was caused by the
experiment design and sample procurement method. In the first 2 min, waste solution was
cumulated in the dialyzer head part for priming and therefore, the Me,SO concentration was
high. Only after the 3rd minute, waste solution sample could be procured and measured;
however, herein, the waste solution sample was actually the mixture of that achieved in the
first 3 min. Therefore, it had higher Me,SO concentration and lower EC than “cell suspension.”
After a few minutes, the cumulative effect disappeared, and the readings of “cell suspension”
and waste solution became identical.
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The theoretical prediction of the concentration of Me,SO in the “cell suspension” is a mixing-
dilution problem. The Me,SO concentration (Cye,50) can be estimated by the governing
equation:

dCyeso . m
dt m+1

Ve - “f Ditwent - CMe2SO (10)

where Vg is the volume of “cell suspension” (mL), t is time (min), m is the flux ratio of cell
suspension to diluent, and fpijyent is the flow rate of diluent (mL/min).

Solving this equation, the concentration of Me,SO can be estimated as follows:

[ Diluent_m

CMers0(t) = Cuie,s0(t = 0) - e Ve T (11)

In our experiment, the initial concentration was Cye,s0(t = 0) = 10%, flux of diluent was 20
mL/min, m = 10, and volume of “cell suspension” was 200 mL. So, theoretically, the Me,SO
concentration in “cell suspension” was theoretically predicted as follows:

Cuesso(f) = 10 - e 30! = 10 %1%, (12)

According to the results presented in Figure 8D, actually the Me,SO concentration in “cell
suspension” during the whole removal process (45 min) can be fitted as Cye,s0(t) = 10e "%
(R?* = 0.9741), which was close to but a little different with theoretical prediction. The
discrepancy may be caused by the fact that the fluxes of “cell suspension,” diluent, and
filtration cannot be precisely controlled as programed after longer time running since the
engagement between tubing and pumps may get worse due to fatigue of the plastics. This
hypothesis can be proved by the fact that in the first 10 min of the experiment (with good
engagement and precise flux control), the Me,SO concentration data of “cell suspension”
can be fitted as follows: Cye,s0(t) = 10e %P1 (R* = 0.9372), which perfectly matches the
theoretical prediction.

3.2.2. Me,SO removal from Me,SO-5% BSA-0.9% NaCl-water quaternary solution by
“dilution-filtration”

The results of Me,SO removal from the Me,SO-5%BSA-0.9% NaCl-water quaternary solu-
tion by “dilution-filtration” system are shown in Figure 9. Figure 9A shows the EC and
osmolality of the waste solution that was achieved every minute. According to Eq. (4), EC
data were converted to Me,SO concentrations of the waste solution, shown in Figure 9B.
The Me,SO concentration decreased to <1% (v/v) after 35 min. The EC data and converted
Me,SO concentrations of “cell suspension” and waste solution are shown in Figure 9C and D.
ECs of “cell suspension” were always lower than those of waste solution due to the existence of
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Figure 9. Me,SO removal from Me,SO-BSA-NaCl-water quaternary solution by “dilution-filtration.” (A) Conductivity
and osmolality of waste solution; (B) Me,SO concentration and osmolality of waste solution; (C) conductivity of “cell
suspension” and waste solution; and (D) Me,SO concentration of “cell suspension” and waste solution.

BSA in “cell suspension.” After certain time of processing (~10 min), the difference of Me,SO
concentration between “cell suspension” and waste solution was very small, which implies
that measurements of waste solution can be applied to monitor the status of “cell suspension.”

4. Discussion

Since the EC of a solution is determined by the solution composition, this fact can be applied to
assess the solute concentration. In this chapter, an application of EC measurement in biomed-
ical engineering is presented. In cryopreservation, CPA is needed to eliminate the cryoinjury to
cells, which should be added before cooling and removed after thawing. EC measurement of
the solution can be used to assess the CPA concentration during CPA addition and removal.

In order to evaluate the CPA concentration (Me,SO, glycerol, and ethylene glycol), the standard
curves of “CPA concentration-EC of the CPA solutions” were obtained experimentally first. For
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CPA-NaCl-water ternary solutions, EC can be well represented by exponential equation:
EC=A- exp(B-C). Interestingly, A is determined only by salt concentration, and B is constant
for any salt concentrations (B = —0.036, —0.036 and —0.045 for Me,SO, glycerol and ethylene
glycol, respectively. Concentration unit: %, v/v). A similar effect of albumin on the EC of
albumin-NaCl-water ternary solutions was also found with an exponential constant of —0.011.
This indicates that the effects of CPA, albumin and salt on the EC values are not coupled. This
might be due to the fact that CPA, albumin, and salt cannot combine or interact in the solutions.

To demonstrate the application of EC measurement for CPA concentration assessment, a
“dilution-filtration” system was successfully applied to remove Me,SO from solutions effi-
ciently. Compared to the traditional centrifugation method of CPA removal, the “dilution-
filtration” can decrease labor and time consumption, eliminate mechanical injury due to
centrifugation, avoid cell packing and clumping, and prevent contamination. The volume of
diluent solution needed for CPA removal is also decreased dramatically in the “dilution-
filtration” method. Compared to the method of dialysis using hollow fibers, the “dilution-
filtration” method also has many other advantages: (1) in the beginning of the dialysis process,
the cell suspension has to be exposed to diluent in the dialyzer. This process is generally hard
to control, and severe osmotic injury can happen. In order to decrease the osmotic shock to
cells, sometimes hyperosmotic non-permeable solutions are applied to prime the dialyzer first.
This can improve cell recovery but cause complexity, and this non-permeable material eventu-
ally needs to be removed. In “dilution-filtration” method, the mixing of cell suspension and
diluent can be well controlled in the “dilution” step (adjust the m value). (2) In dialysis
method, CPA clearance is due to the passive diffusion transport across the fiber membranes
caused by the CPA concentration gradient, while in “dilution-filtration” method, CPA is
removed by active filtration. So the CPA removal efficiency can be improved dramatically. (3)
In dialysis method, the CPA gradient across the membranes is not uniform along the fibers. So
mass transport is not uniform and cells experience different osmotic stresses along the fibers.
This increases complexity and thus makes it harder to achieve optimal conditions. (4) It is
much easier to control and manipulate the final cell suspension volume and cell concentration
with the “dilution-filtration” method.

EC measurement can be a very good method to assess CPA concentration. Compared to direct
osmolality measurement by osmometer, its advantages include low cost, ease of operation,
real-time and online monitoring, and broad working range (CPA concentration).

For the CPA-salt-water ternary solution, once the salt concentration is fixed, the CPA concentra-
tion can be determined by its EC. This is generally the case of CPA removal after cell cryopres-
ervation with fixed salt concentration. The hollow fibers selected in this work can block
macromolecules from crossing the fiber membranes, such that the waste solution is CPA-NaCl-
water ternary solution. Meanwhile, salt concentrations in cell suspension and diluent are iso-
tonic, and this leads to the fact that salt concentration everywhere, including in waste solution, is
isotonic. Accordingly, EC change of the waste solution is determined only by the CPA concen-
tration change. In order to further evaluate the validity of predicting CPA concentration in cell
suspension with the data of waste solution, the measurements of “cell suspension” were
conducted and compared with those of waste solution. The results show that after a short period
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of priming solution removal, the EC, CPA concentration, and osmolality of “cell suspension” and
waste solution were almost identical to each other. This proves that assessment of waste solution
is a good measure of the real-time state of the cell suspension. Measuring the waste solution,
instead of cell suspension, has at least two advantages: First, waste solution is generally simpler
than cell suspension without effect of proteins, cell debris, etc. Second, this can prevent direct
contact of the EC probe with the cell suspension, keep the cell loop closed, and reduce the risk of
contamination. A probe can be mounted in the waste solution loop to achieve real-time, online
monitoring of CPA concentration during CPA removal.

5. Conclusion

A simple approach based on electrical conductivity measurements was developed for the
quantification and monitoring of the CPA concentration in cryopreservation. Standard data of
a few CPAs solutions (Me;SO, glycerol, ethylene glycol) were obtained. Coupled with the
“dilution-filtration” system, this method can be used to measure the EC of waste solution and
predict the real situation in cell suspension. This way can help to prevent contamination and
achieve on-site and real-time monitoring of the CPA concentration effectively.
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