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Abolfazl Roshanpanah, Mahdi Abbasi*, Hani Attar, Ayman Amer,
Mohammad R. Khosravi, and Ahmed A. Solyman

Abstract: In  the  construction  industry,  to  prevent  accidents,  non-destructive  tests  are  necessary  and  cost-

effective. Electrical impedance tomography is a new technology in non-invasive imaging in which the image of

the inner part of conductive bodies is reconstructed by the arrays of external electrodes that are connected on

the periphery  of  the  object.  The equipment  is  cheap,  fast,  and edge compatible.  In  this  imaging method,  the

image  of  electrical  conductivity  distribution  (or  its  opposite;  electrical  impedance)  of  the  internal  parts  of  the

target  object  is  reconstructed.  The  image  reconstruction  process  is  performed  by  injecting  a  precise  electric

current  to  the  peripheral  boundaries  of  the  object,  measuring  the  peripheral  voltages  induced  from  it  and

processing  the  collected  data.  In  an  electrical  impedance  tomography  system,  the  voltages  measured  in  the

peripheral  boundaries  have  a  non-linear  equation  with  the  electrical  conductivity  distribution.  This  paper

presents a cheap Electrical Impedance Tomography (EIT) instrument for detecting impurities in the concrete. A

voltage-controlled current source, a micro-controller, a set of multiplexers, a set of electrodes, and a personal

computer constitute the structure of the system. The conducted tests on concrete with impurities show that the

designed EIT system can reveal impurities with a good accuracy in a reasonable time.
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1　Introduction

Imaging  methods  of  the  internal  tissues  of  the  target
object  are  called  tomography[1].  These  methods  are
frequently used in power-efficient embedded devices in
edge  layer  of  Internet  of  Medical  Things  (IoMT)[2, 3].
Among  these  methods  are  X-ray  tomography[4, 5],

positron  tomography[6],  Magnetic  Resonance  Imaging
(MRI)[7],  and  ultrasound  tomography[8, 9].  In  each  of
these methods, a specific feature of the target object is
depicted[10, 11].  It  is  worth  to  mention  that  many  of
recent  imaging  technologies  are  deployed  in  the  form
of  web  APIs  or  mobile  applications[12].  The  big  data, 
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generated  by  such  medical  applications,  pose
challenges in image processing[13], power-efficient, and
intelligent  data  mining  and  communication
methods[14–16].

In  Electrical  Impedance  Tomography  (EIT),  the
quantity  depicted  is  the  impedance  or  electrical
conductivity  of  the  internal  tissues  of  the  target
object[8, 17].

Figure  1 shows  the  general  structure  of  an  EIT
system.  Electrical  energy  is  sent  to  the  human  body
with  weak  currents,  and  the  voltage  induced  in  the
electrodes  is  measured.  The  means  of  sending  and
receiving  signals  are  electrodes.  By  using  the  EIT
imaging  method,  it  is  possible  to  image  the  internal
part of objects, such as concrete structures or the inside
of  the  human body.  With  the  advent  remote  structural
health  monitoring  and  non-destructive  testing
impedance,  imaging  is  considered  as  an  efficient
method[18, 19] with  enough  security  in  complex
environment[19].  The  output  of  the  EIT  system  is  an
image  of  the  electrical  conductivity  distribution  inside
the  target  object.  Various  conventions  have  been
proposed  for  current  injection  and  voltage
measurement  on  the  electrodes.  These  contracts  are
divided into two general categories: double reading and
multiple reading[17, 20].

Systems  based  on  double  reading  direct  the  current
generated from a current source to the terminals of two
driving  electrodes,  and  measure  the  voltage  on  the
other electrodes. In such systems, the voltage measured
on  the  driving  electrodes  is  not  used  due  to  the
presence of noise[8].

After  a  voltage  frame  is  collected,  the  current  is
injected  through  two  other  electrodes,  and  thus  the
measurement  is  done  with  all  electrodes[8, 17].  Such
systems  are  also  called  applied  potential  tomography
systems[21].  Among  the  most  important  APT  systems
are Sheffield Mark 1 from Sheffield University[22] and
KHU Mark 1[23] from Kung Hi University.

Systems  based  on  multiple  readings  are  more
expensive  and  complex,  having  more  than  one  source
of current injection, thereby stimulating more than one
pair of electrodes for current injection[1, 17].

L (L−1)

L (L−3)/2

In  both  types  of  electrode  stimulation  and  voltage
measurement, if the number of electrodes is equal, the
total  number  of  possible  measurements  will  be  equal.
By  deducting  the  noisy  measurements  performed  on
the  current  injecting  electrodes,  this  number  reaches

,  where L is  the  number  of  electrodes,  and
considering  the  principle  of  measurement  opposition,
this  number  is  reduced  to [24].  To  measure
cross-sectional impedance in a system based on double
reading,  electrodes  are  placed  on  the  same  surface
around  the  object  and  inject  current  and  measure
voltage[8, 17, 25].

This  paper  presents  a  low-cost  and  efficient  design
for  a  16-electrode  impedance  imaging  system  and  an
experimental  phantom.  The  system  is  intended  to  be
used  in  non-destructive  testing  of  concrete  via
measuring  any  inhomogeneous  impedance  pattern
caused  by  cracks  in  the  concrete  or  cement  mixtures.
The  experimental  results  confirm  the  accuracy  and
efficiency of the instrumented prototype.

This  article  is  presented  as  follows.  The  order  of
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Fig. 1    Structure of an electrical impedance imaging system[8].
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presenting  the  sections  is  based  on  the  order  of  the
work done during this research. Section 2 is devoted to
the  investigation  of  the  mathematical  foundations  of
the  electric  impedance  tomography  problem.  In  this
section,  the  governing  equation  of  the  problem  is
determined. After introducing the electrode models and
boundary  conditions  of  the  problem,  the  forward  and
inverse  problems  of  impedance  tomography  are
explained.  In  Section  3,  with  the  electrode  patterns
introduced,  the  complete  electrode  model  is  reviewed.
In  Section  4,  the  electrical  properties  of  concrete  and
electrical  conductivity  in  materials  containing  cement
are investigated, and the electrical equivalent circuit of
cracks  in  concrete  structures  and  its  governing
equations  are  introduced.  In  Section  5,  after  the  EIT
system  hardware  is  introduced,  the  process  of  data
collection  and  image  reconstruction  is  described.
Section  6  includes  five  different  tests  to  evaluate  the
correctness  of  the  system’s  performance.  The
experimental tests are based on the current and voltage
measured  on  specific  impedance  models  as  boundary
data. Section 7 summarizes and presents the important
results of the research.

2　Mathematical  Foundations  of  EIT
Problem

2.1　Mathematical model of an EIT problem

Unlike  other  tomography  methods,  electrical
impedance  imaging  is  non-local.  This  means  that  the
change of  electrical  conductivity  in  a  part  of  the  body
affects the measured voltage in all electrodes in a non-
linear way[3, 5].

According  to  Hadamard’s  definition,  the
mathematical  model  of  a  well-posed physical  problem
has the following conditions[26–28]:

(1) For each data, the problem has one answer.
(2) The answer is unique.
(3)  The answer depends continuously on the data of

the problem.
If  the  above  conditions  are  violated  in  the

mathematical  model  of  a  problem,  that  problem  is
called  an  ill-posed  problem.  The  problem  of
reconstructing  the  image  of  the  impedance  inside  the
object  based  on  the  voltage  and  current  measured  by
the electrodes around it, according to Hadamard’s third
condition, is an ill-posed problem.

Reconstructing  the  electrical  impedance  image  is  a
non-linear  problem.  This  means  if  the  voltages

obtained on similar electrodes around two bodies with
two different values of electric conductance, as a result
of  injecting  a  specific  current  pattern,  are  added
together  separately,  they  are  not  equal  to  the  voltages
resulting  from  injecting  current  on  an  object  whose
electrical  conductivity  is  equal  to  the  sum  of  the
electrical conductivity of the two mentioned objects[9].

E H Ω

Electromagnetism  problems  are  expressed  based  on
Maxwell’s  equations.  Maxwell’s  equations  about
electric  field  and magnetic  field  about  a  body 
are as follows:
 

∇×E = −iωB (1)
 

∇×H = J+ iωD (2)

ω Hz B
J

A
m2 D

C
m2

where  is  the  angular  frequency  in ,  is  the
magnetic flux density,  is  the electric current  density

in  terms  of ,  and  is  the  electric  displacement  in

terms of [29, 30]:

r

u

According  to  Stokes  law,  at  any  point  of  two-
dimensional  space  with  vector  coordinates ,  the
relationship between electric field and electric potential

 is expressed as follows:
 

−∇u(r) = E(r) (3)

On the other hand, electric displacement and electric
current  density  can  be  expressed  based  on  the  electric
field with the following equations:
 

D = ϵE (4)
 

J = σE (5)

ϵ

σ

where  is the electrical permeability coefficient of the
object and  is the electrical conductivity coefficient of
the object.

Considering  Eqs.  (4)  and  (5),  Eq.  (2)  is  rewritten  in
the following form:
 

∇×H = (σ+ iϵω) E (6)

σ+ iϵω

H,

In  this  regard,  the  complex  parameter  is  the
electrical  conductivity  coefficient  of  the  object.  Since
for any vector field 
 

∇ (∇×H) = 0 (7)

Equations  (3)  and  (6)  are  used  to  get  the  following
equation:
 

∇ ((σ+ iϵω)∇u(r)) = 0 (8)

which  is  a  Laplace  equation.  Considering  that  the
frequencies  used  in  EIT  are  low,  the  quasi-static
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approximation can be used, meaning that the capacitive
diffusion and inductive effects are ignored, and Eq. (8)
can be presented in the following form:
 

∇ (σ∇u(r)) = 0 (9)

u(r)
r ∈ Ω

g

This equation determines the electric potential  at
each  point .  Practically,  a  current  with  a  specific
amplitude and phase is applied to the electrodes around
the object. The applied current creates a current density
outward in the direction perpendicular to the surface of
the boundary of the object, whose distribution is shown
by .  Therefore,  the  boundary  conditions  of  the
problem are as
 

σ
∂u
∂n

∣∣∣∣∣∣
∂Ω

= g,

u| ∂Ω = f (10)
where n denotes  the  outward  unit  normal.
Mathematically,  the  EIT  problem  is  expressed  in  the
form  of  Laplace’s  Eq.  (9)  with  Newman’s  boundary
conditions  in  Eq.  (10).  Due  to  the  use  of  the  finite
element  approach  in  solving  the  forward  problem,  the
definition of the weak response is presented as follows.

ω v ∈ C∞0

Definition  1　 We  consider u as  the  potential
function, which is resulted by solving Eq. (9). For each
test function, v denotes any test voltage induced on the
surface  of  the  conductive  surface ,  and  is
satisfied in the following equation:
  r

Ω
σ∇u∇v dr = 0 (11)

H1

C∞0 (Ω)
Ω

In this definition,  is  the space of continuous and
integrable  functions,  and  is  the  space  of
continuous functions with limited domain in [29].

2.2　Electrode models

In  EIT,  the  signal-to-noise  ratio  is  proportional  to  the
square of the ratio of the peripheral area covered by the
electrodes[25, 30].  The  presence  of  highly  conductive
electrodes on the surface of the object, creates effective
proofs  for  the  movement  of  current  on  the  surface  of
the  object,  and  reduces  the  current  density  inside  the
object.  Therefore,  the  presence  of  electrodes  in  the
mathematical  equation  must  be  accurately  modeled.
The use of more accurate models of electrodes makes it
possible to accurately express the boundary conditions
of the problem.

Several   models   for   electrodes   have   been
presented[25, 30, 31]. Some of the most important models
presented are the continuous model, the gap model, the
parallel  resistance  model,  and  the  Complete  Electrode

Ω

L

Model  (CEM).  For  the  first  time,  these  models  were
examined  and  presented  by  Cheng  et  al.[31] In  these
models,  the  electrical  impedance  measurement  system
includes  the  object  to  be  measured,  number  of
surrounding  electrodes  denoted  by ,  and  the  current
injection and voltage measurement tools.

u

The  complete  electrode  model  involves  the  contact
impedance  of  the  electrode  with  the  object  in  the
equations.  If  the  current  injecting  electrode  is  used  to
measure  the  voltage,  it  is  necessary  to  consider  the
contact  impedance  of  the  electrode.  In  this  model,  the
potential  meets the following conditions:

●  Condition  of  the  current  injecting  electrodes:  In
this model, the current intensity in the current injecting
electrodes is assumed to be constant,
 

I =
r

E j
(σ∇u)n ds = −

r
E j+1

(σ∇u)n ds (12)

Iwhere  denotes  the  current  intensity  in  the  current
injecting electrodes.

●  Condition  of  surface  without  electrodes:  the
intensity  of  the  current  in  the  surface  without
electrodes is zero,
 

σ
∂u
∂n

on ∂Ω\
L∪

k=1
Ek (13)

where Ek denotes the surface under the k-th electrode.

Zk

●  Voltage  measurement  electrodes:  the  effect  of
contact  impedance  with  the  object  is  considered  in
the measured potential,
 

u+ zk

(
σ
∂u
∂n

)∣∣∣∣∣∣
Ek

= Uk, k = 1,2, . . . ,L (14)

Uk

k
where  is  the  voltage  measured  on  the  electrode
number .  Considering  one  of  the  electrodes  as  the
reference  electrode,  the  following  condition  can  be
taken as a complement to the third boundary condition,
 

L∑
k=1

Uk = 0 (15)

It should be noted that this condition is necessary for
the uniqueness of the answer of Laplace’s equation.

u●  All  electrodes:  the  potential  in  each  electrode
(providing high electrical conductivity) is constant,
  r

Ek
σ
∂u
∂n

ds = 0, k ∈ {1,2, . . . ,L}\ { j, j+1} (16)

In an electrical impedance measurement system with
a  reference  electrode,  the  measured  voltages  are  as
follows:
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V j,1 := U j
1−U j

2,

V j,2 := U j
2−U j

3,

...

V j,L := U j
L −U j

1 (17)

j
j

j+1

1, 2, . . . , L

I1, I2, . . . , IL

The  index  in  the  above  expressions  indicates  the
current  injection  pattern  number.  In  fact,  electrodes 
and  are used for current injection and the voltage
difference  defined  in  Eq.  (17)  is  measured
simultaneously  on  the  electrodes .  In  an
electrical impedance tomography system, some current
patterns  are  injected  into  the  body  through  a  pair  of
adjacent  electrodes ,  and  a  series  of
voltages  are  measured,  which  can  be  displayed  in  the
discrete form below:
 

F(σ) =


V1,1 , · · · ,V1,L

. . .

VL,1 , · · · ,VL,L

 (18)

V j, k = Vk, j

F L (L−1)/2

The above relationship states that voltage values are
influenced  by  contact  impedance.  According  to  the
principle  of  duality ,  the  maximum number
of independent data  is equal to [8, 32].

2.3　Forward and inverse problems

u σ

According  to  the  definition  of  the  complete  electrode
model,  it  can  be  seen  that  in  this  model  there  are  two
different  types  of  boundary  data  that  are  connected
through  and .  Therefore,  the  following  definition
can be given.

( f , g)
(Ul, Il), l = 1, 2, . . . , L

u σ

Definition 2　A binary  is called a continuous
boundary data, and  is also called
a discrete boundary data. A part of a pair is compatible
with the other part if the values of  and  are found,
such that the conditions of Eqs. (11) and (12) and also
the  corresponding  conditions  of  Eqs.  (14)  to  (18)  are
established.

σ
∂u
∂n

∣∣∣∣∣∣
∂Ω

= g

u| ∂Ω = f

If  in  the  mathematical  model  of  the  forward  and
inverse  EIT  problems  the  electrodes  are  modeled
continuously, the boundary conditions of Eqs. (11) and
(12)  will  exist  simultaneously.  In  this  case,  the
mapping  that  results  in  the  continuous  potential

distribution  for  the  continuous  current

distribution  is  called  the  continuous  current-
to-voltage  mapping,  or  the  mapping  of  Neumann’s
conditions  to  Dirichlet’s  boundary  conditions.  The
mapping  of  continuous  surface  induced  voltage  to  the

Λσ

intensity distribution of injected continuous current on
the  object  surface  is  the  inverse  of  the  Neumann-
Dirichlet  mapping.  is  the  conventional  symbol  for
voltage-current  mapping  or  Dirichlet-Neumann
mapping. This mapping is expressed as follows[17, 32]:
 

Λσ f = g (19)

In this case, the current-voltage or Newman-Dirichlet
mapping is defined as follows[17, 32]:
 

Λ−1
σ g = f (20)

By  examining  the  boundary  conditions  in  the
continuous and complete model of the electrode, it can
be  seen  that  the  current-voltage  and  voltage-current
mapping operators are linear[17, 32].
2.3.1　Forward problem in EIT

σ

In  the  forward  problem,  the  distribution  of  electrical
conductivity  and  one  of  the  boundary  conditions
including  peripheral  voltage  (Dirichlet  condition)  or
peripheral  current  (Neumann  condition)  are  known;
The  purpose  of  solving  Eq.  (9)  with  one  of  the
boundary  conditions  of  Eq.  (10)  is  to  find  the
complementary boundary condition.

I σ

Definition  3　 In  the  complete  model  of  electrodes,
the  direct  Dirichlet  problem  is  to  find  the  Neumann
boundary values of current intensity in current injecting
electrodes  by  having  the  distribution U and
Dirichlet conditions[17, 32].
 

U
R−1

−−−−−→ I (21)

R−1

R

The  operator  is  a  discretized  version  of
Dirichlet-Neumann  mapping.  In  fact,  this  operator  is
the electrical conductivity matrix, which is obtained by
calculating  the  electrical  resistance  matrix  and
calculating its inverse .

U
σ I

Definition  4　 In  the  complete  model  of  electrodes,
Neumann’s  direct  problem  is  to  find  the  Dirichlet
boundary  values  by  having  Neumann’s  distribution

 and conditions [17, 32],
 

I
R−−−→ U (22)

2.3.2　Inverse problem in EIT

σ Ω

In  the  inverse  problem  of  electrical  impedance
tomography, both parts of the current-voltage mapping
are known as a  pair  of  boundary data.  The purpose of
solving  the  inverse  problem  is  to  find  the  distribution
of  electrical  conductivity  inside  the  object  using
these specific binaries.

Definition  5　 In  the  complete  electrode  model,  the
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σ

R−1 R
inverse problem is to find  with the discrete voltage-
current mapping  or current-voltage mapping [10],
 

R−1 → σ (23)

u
Λσ

σ

So  far,  various  theorems  about  the  existence  of  the
answer and its uniqueness in the inverse problem have
been presented. In these theorems, whose difference is
in the functional space considered for the answer , the
goal  is  to  show  that  can  be  obtained  by  having  a
complete  mapping .  But  in  practice,  due  to  the
situation of defining the inverse problem, it is difficult
to  find  a  unique  and  correct  answer  for  the  inverse
problem  by  considering  the  complete  model  of  the
electrodes[32].

σ

σ

σ

σ

In  connection  with  the  inverse  problem  in  two-
dimensional space, Nachamn was the first to provide a
proof  for  the  uniqueness  of  the  answer[33].  In  his
approach,  special  conditions  of  smoothness  for  and
the boundary of the object are considered. The feature
of  Nachman’s  proof  is  that  it  provides  a  constructive
way to solve the inverse problem and obtain the image

.  Based  on  his  proof,  a  Finnish  researcher,  Siltanen,
presented  an  algorithm  called  D-bar,  which  is  able  to
solve  the  inverse  nonlinear  problem without  repeating
and  optimizing  electrical  conductivity  values  and
obtained  an  image  of [34].  The  distribution
smoothness  condition  in  D-bar  algorithm  has  been
reduced  by  other  researchers,  such  as  Brown  et  al.[35]

and  Astala  et  al.[36] In  the  next  part  of  the  article,  the
electrodes  and  their  different  arrangement  models
around  the  target  object  are  introduced  and  the
complete model of the electrode is examined in detail.

3　Electrode

An  electrode  is  a  type  of  converter  that  converts  the
electric  current  of  a  wire  into  an  ion  current  in  an
electrolyte.  In  reconstructing  the  impedance  images,
the  value  of  the  contact  impedance  between  the
electrode  and  the  object  should  be  low  and  clear.
Electrodes  are  made  of  materials，  such  as  gold,
platinum, and silver chloride[3, 5, 15, 22]. In the modeling
of the electrodes, the impedance of the contact point of
the electrodes with the surface of the object should be
considered.  The  larger  the  electrode  dimensions,  the
smaller the contact impedance[3].

By  increasing  the  dimensions  of  the  electrode,  the
reading  error  of  the  electrode  voltage  also  decreases.
The physical position of the electrodes and their image
in the model has a great impact on the accuracy of the

reconstructed  image[8, 17, 25, 30, 37].  Therefore,  four
different  types  of  models  for  electrodes  can  be
considered in solving the EIT inverse problem.

3.1　Electrode patterns

3.1.1　Adjacent pattern
This method, also known as the neighborhood method,
is  the  most  famous  impedance  measurement  method.
As  shown  in Fig.  2,  the  current  is  injected  into  the
object through two adjacent electrodes, and the voltage
on  the  rest  of  the  electrodes  is  measured  two  by  two.
Then  the  current  is  injected  through  the  next  two
adjacent  electrodes  and  the  voltage  values  are
measured in the same way. This procedure is repeated
on each pair of adjacent electrodes[3].

In this convention, the current has less penetration in
the  internal  layers  of  the  object’s  impedance.
Therefore,  this  measurement  pattern  is  sensitive  to
impedance  changes  near  the  electrodes,  and  is  less
sensitive to impedance changes at far points[3].
3.1.2　Opposite pattern
In this model, every time the pair of electrodes that are
right opposite each other (and make an angle of 180°)
inject the current, the resulting voltage is measured on
the  rest  of  the  electrodes  around  the  object.  The  most
common method of voltage measurement is to consider
one  of  the  electrodes  that  is  exactly  adjacent  to  the
injection electrodes as the reference electrode. Figure 3
shows this  pattern.  In this  method,  more details  of  the
impedance  of  the  internal  points  of  the  object  are
obtained[8].
3.1.3　Cross pattern
In  this  model,  two  adjacent  electrodes  are  used  as
current and voltage reference. As shown in Fig. 4, first
the current is injected through electrodes 16 and 2, and
13  voltage  differences  between  electrode  1  and  other
electrodes  are  measured.  Then,  the  current  is  injected
 

(a) (b)

I

I

 
Fig. 2    Adjacent  pattern  in  EIT,  (a)  current  injection  and
(b) voltage measurement[8].
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through  electrodes  16  and  4,  and  the  voltage  between
electrode  number  1  and  other  electrodes  is  measured.
Using this model, 91 voltage values are measured on a
16-electrode  system.  This  pattern  is  more  sensitive  to
the impedance in the internal points of the object[8].

In the next part of the article, the electrical properties
of  concrete  are  examined,  and  some  factors  affecting
the  electrical  conductivity  of  concrete  are  introduced.
Also, the electric circuit equivalent to the crack, and its
relationships are presented.

4　Electrical Properties of Concrete

4.1　Concrete cracks factors

The  creation  of  cracks  in  cement  structures,  such  as
those  made  of  reinforced  concrete,  may  be  caused  by
various factors, including forces that enter the structure
from  outside,  volume  loss  of  concrete,  poor
construction methods, and many other factors[38].

Repairing damaged concrete structures is often more
economical  than  building  new  structures,  especially  if
the damage to the structure happens in a short period of
time  after  its  construction.  For  this  purpose,  concrete
structures,  such as  bridge decks,  concrete  slabs,  dams,
and  tunnels  need  periodic  inspection  using  Non-
Destructive Testing (NDT) methods to check the entire

structure[38].
The presence of cracks or cracks in concrete is a sign

of damage and defect. These cracks can have different
causes:

● mechanical (restrictions that are not foreseen);
● physical (temperature changes, etc.);
● chemicals (reaction of concrete with inducers or as

a result of concrete shrinkage in the environment).
It should be noted that the technical impossibility of

breaking  the  concrete  sample  confirms  that  these
cracks  and  damages  are  studied  and  investigated  only
in the desired location[38, 39].

Several  methods  have  been  proposed  for  the
automatic  evaluation  of  the  structural  health  of
concrete structures. In general, many of these methods
require  the deployment  of  external  sensors  to  measure
the general and local structural responses to loading.

The  best  method  for  automatic  evaluation  of
structural health of concrete structures is to use existing
sensors in the field of non-destructive evaluation[40].

Currently,  non-destructive  testing  methods  are  used
in  the  construction  industry  to  answer  such  issues.
Several  different  methods  are  used  to  investigate  and
study  cracks  and  delamination  of  concrete.  Among
these methods, impact method[41], ultrasonic pulse echo
method[42],  acoustic  effect  (sound)  method[43],  ground
penetrating  radar  method[44],  and  infrared  tomography
(thermography) method are often used[38, 39, 45].

Electrical methods are different in terms of cost and
ease  of  use,  and  are  suitable  for  examining  large
concrete structures[38].

4.2　Electrical conductivity in materials containing
cement

σ

10−3 10−6 S/cm

Conductivity  ( )  is  a  main  characteristic  of  materials.
Materials  containing  cement,  which  have  a
conductivity  coefficient  from  to ,  are
introduced  as  semiconductors[46].  Since  the  ions  in
water are the primary charge carriers,  the conductivity
of  materials  containing  cement  naturally  has  a  strong
dependence on the amount of moisture[46].

In recent years, considerable attention has been paid
to the measurement  and interpretation of  the electrical
properties  of  cement  composites,  including  reinforced
concrete.  In  particular,  the  electrical  properties  of
cement  can  be  used  to  evaluate  the  microstructural
details  of  the  material[47].  In  the  following,  the
electrical  equivalent  circuit  of  the  concrete  crack  is
introduced.

 

(a) (b)

I I

 
Fig. 3    Opposite  pattern  in  EIT,  (a)  current  injection  and
(b) voltage measurement[8].
 

(a) (b)

I I

 
Fig. 4    Cross  pattern  in  EIT,  (a)  current  injection  and  (b)
voltage measurement[8].
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4.3　Equivalent  electrical  model  of  crack  and
impurities

Nr

The  crack  model  is  supposed  to  contain  a  specific
density  of  concrete  structures.  The  schematic  of  the
electrical equivalent circuit of the crack is made of 
electrical  resistors  that  are  connected  in  parallel.
Figure  5 shows  the  equivalent  electrical  circuit  of  the
crack.  The  value  of  electrical  resistance  in  each  block
of the crack reveals the composition of its ingredients,
including  air,  water,  dust,  or  cement.  Two  parameters
of crack depth (far or near from the surface) and crack
size  (specific  weight)  affect  the  crack  equivalent
strength[38],
 

1
Req
=

n∑
i=1

(
αi

1
Ri

)
(24)

 

n∑
i=1

αi = 1 (25)

Req

Ri

αi

The  equivalent  resistance  ( )  is  derived  from  the
average of the local resistances ( ).  A distance factor
from  the  surface  ( )  is  applied  to  each  of  the  local
resistances[38].  The  greater  the  depth  of  the  crack,  the
greater the distance factor from the surface. The sum of
the factors  of  the  distance from the surface during the
crack is equal to one[38].

5　EIT System Hardware

The  process  of  collecting  data  and  reconstructing  the
image  is  carried  out  by  injecting  a  precise  alternating
electric  current  to  the  peripheral  boundaries  of  the
object,  measuring  the  voltage  in  the  peripheral
boundaries,  transferring  the  data  to  the  computer,  and
processing the collected data with software. Matlab and
special  reconstruction  algorithms  are  used.  As  seen  in
Fig.  6,  the  top  view  of  the  electrical  impedance
tomography system is described[48, 49].

The  accuracy  of  the  system  hardware  plays  a  very
important  and  vital  role  in  the  quality  of  the  final
image. Figure 6 shows the main parts  of  the electrical
impedance  tomography  system.  The  current  source
includes  a  Voltage  Controlled  Oscillator  (VCO)  as  a
waveform  generator  and  a  Voltage-to-Current
Converter  (VCC).  The  stability  and  accuracy  of  the
injected  current  to  the  peripheral  boundaries  of  the
target  object  is  done  by  this  part  with  the  help  of
multiplexers.  Another  task  of  this  part  is  to  generate
pulses. These pulses are used to measure the peripheral
voltage  of  the  voltage  demodulator  blocks,  and
measure the voltage[48, 49].

6　Tests  and  Results  of  Image
Reconstruction

In  this  section,  the  final  images  are  reconstructed  as
 

 
Fig. 5    Reconstruction of a crack for measurement of its electrical resistance[38].

 

 
Fig. 6    Main block diagram of electrical impedance tomography system[48].
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results using the EIT system. The block diagram of the
EIT  system  is  shown  in Fig.  7.  In  this  instrument,  an
ATMEGA128  microcontroller  is  used  as  the
processing  core  of  the  control  unit  of  the  system.  The
control unit controls and form the current injection and
voltage measurement patterns on the electrodes, and at
the  same  time,  measures  the  induced  voltages  by
multiplexing Analog-to-Digital Converter (ADCs). The
digital  value  of  the  measured  voltage  patterns  is  then
communicated among the control unit and a PC. Table 1
summarizes the specification of the chief ingredient of
the  designed instrument.  These  tests  are  performed on
cement  samples  without  cracks  containing  a
heterogeneous  object  in  order  to  identify  the  position
and type of the heterogeneous object inside the cement.

The experiments are performed using a 16-electrode
phantom. The phantom used is a hollow cylinder made
of Plexiglas  with a  height  of  20 cm and a diameter  of
20  cm,  as  shown  in Fig.  8.  Copper  electrodes  are
located  with  equal  distances  around  the  phantom,  and
in  complete  connection  with  the  material  inside  the
phantom, and through them electric  current  is  injected
and electric voltage is measured.

Metal  and plastic  cylinders  with a  diameter  of  5  cm
and a height of 20 cm are placed inside the phantom in
order to create different electrical impedance compared
to the homogeneous surface.

The number of electrodes on the reconstructed image
in  all  cases  is  such  that  the  upper  point  of  the
reconstructed  image  shows  the  position  of  electrode
number  one,  and  the  rest  of  the  electrodes  are  placed
clockwise to electrode 16.

In  all  the  experiments  of  the  proposed  EIT  system,
the  proximity  model  has  been  used  to  excite  and
measure the peripheral voltages.

6.1　16-electrode phantom experiments

6.1.1　Homogeneous medium
In  this  experiment,  a  16-electrode phantom filled  with
concrete  is  used.  As  seen  in Fig.  9,  the  EIT  system
sends  208  different  voltages  to  the  Matlab  software
after  completing  the  imaging. Figure  9b  shows  the
curve  of  the  measured  voltages.  The  voltages  are
higher near the injection electrodes and the curve has a
peak  at  these  points. Figure  9c  shows  the  final
reconstructed image of  the  phantom.  According to  the

 

 
Fig. 7    Proposed assembled EIT system.

 

Table 1    Technical specifications of modules.
Ingredient Technical Specification

Control unit ATMEGA128
VCO XR2206

Amplifier AD844
Low-pass filter LF412

ADC AD1674
Analog multiplexer ADG506AKN

Serial interface MAX232

 

 
Fig. 8    16-electrode phantom made of plexiglass.
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impedance bar next to the image, the impedance value
of  each  point  of  the  phantom  can  be  recognized.  The
reconstructed  image  shows  that  there  is  no
heterogeneous object in this phantom.
6.1.2　Heterogeneous  medium  with  a  metal  rod  in

the vicinity of electrodes 2 and 3
As  shown  in Fig.  10,  imaging  that  the  16-electrode
phantom filled with concrete and a metal cylinder with
a diameter  of  5  cm is  performed near  the electrodes 2
and  3. Figure  10a  shows  the  16-electrode  phantom
containing  concrete  and  a  metal  cylinder  near
electrodes  2  and  3. Figure  10b  shows  the  measured
voltage  curve.  The  voltages  near  the  injecting
electrodes  have  a  higher  value,  and  the  curve  has  a
peak at these points. However, the voltage values near
electrodes  2  and  3  have  lower  values  due  to  the
presence  of  the  metal  cylinder  because,  constant
current  creates  a  lower  voltage  value  when  passing
through  a  low  impedance.  Therefore,  the  curve  has  a
drop  in  these  points. Figure  10c  shows  the  final
reconstructed  image  of  the  phantom.  The  final
image  includes  a  red  mass  near  electrodes  2  and  3,
which  indicates  an  object  with  low  electrical
impedance  (high  electrical  conductivity)  near  the
electrode of interest. According to the impedance color
bar next to the image, the impedance value of the mass
in  red  can  be  recognized,  which  is  the  location  of  the
metal cylinder.

6.1.3　Heterogeneous  medium  with  a  metal  rod  in
the center

In  this  experiment,  the  aim is  to  image  a  16-electrode
phantom filled with concrete and a metal cylinder with
a diameter of 5 cm in the center. Figure 11a shows the
16-electrode phantom containing concrete  and a  metal
cylinder  in  its  center. Figure  11b  shows  the  measured
voltage  curve.  The  voltage  values  near  the  injecting
electrodes are higher, and the curve has a peak at these
points. Figure 11c shows the final reconstructed image
of the phantom. The final image includes a mass in red
in the center of the phantom, which indicates an object
with  low  electrical  impedance  (high  electrical
conductivity) in the center of the phantom.
6.1.4　Heterogeneous medium with a plastic rod in

the vicinity of electrodes 1 and 2
The  purpose  of  this  experiment  is  to  image  a  16-
electrode  phantom  filled  with  concrete  and  a  plastic
cylinder with a diameter of 5 cm near electrodes 1 and
2.

Figure  12a  shows  the  16-electrode  phantom
containing  concrete  and  a  plastic  cylinder  near
electrodes  1  and  2. Figure  12b  shows  the  measured
voltage  curve.  The  voltage  values  near  the  injecting
electrodes are higher, and the curve has a peak at these
points.  However,  the  voltage  values  near  electrodes  1
and  2  have  higher  values  due  to  the  presence  of  the
plastic  cylinder  because  constant  current  creates  a
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Fig. 9    16-electrode phantom in homogeneous medium and reconstruction of its images.
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Fig. 10    16-electrode phantom in heterogeneous medium with metal rod adjacent to electrodes 2 and 3.
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higher  voltage  value  when  passing  through  a  high
impedance.  Therefore,  the  curve  has  a  peak  at  these
points. Figure 12c shows the final reconstructed image
of  the  phantom.  The  final  image  includes  a  mass  in
blue  near  electrodes  1  and  2,  and  indicates  an  object
with  high  electrical  impedance  (low  electrical
conductivity) near electrodes 1 and 2.
6.1.5　Heterogeneous medium with a plastic rod in

the center

5 cm

The  purpose  of  this  experiment  is  to  image  a  16-
electrode  phantom  filled  with  concrete  and  a  plastic
cylinder  with  a  diameter  of  in  the  center  of  the
phantom. Figure  13a  shows  the  16-electrode  phantom
containing concrete and a plastic cylinder in its center.
Figure  13b  shows  the  measured  voltage  curve.  The
voltage values near the injecting electrodes are higher,

and  the  curve  has  a  peak  at  these  points. Figure  13c
shows  the  final  reconstructed  image  of  the  phantom.
The final image contains a mass in blue in the center of
the  phantom,  and  indicates  an  object  with  high
electrical  impedance  (low  electrical  conductivity)  in
the center of the phantom.

7　Conclusion

In  this  paper,  the  design  of  a  cheap  and  efficient
impedance imaging system is introduced. By using the
EIT  imaging  method,  it  is  possible  to  reconstruct
images of the internal parts of objects, such as concrete
or  human  body.  In  the  proposed  design,  an  algorithm
for  reconstruction  of  the  cross-sectional  image  of  a
conductive  body,  as  well  as  different  patterns  of
excitation and voltage measurement, are investigated.
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Fig. 11    16-electrode phantom in heterogeneous medium with metal rod in the center.
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Fig. 12    16-electrode phantom in heterogeneous medium with plastic rod adjacent to electrodes 1 and 2.
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Fig. 13    16-electrode phantom in heterogeneous medium with plastic rod in center.
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In  addition  to  the  imaging  instrument,  an  imaging
phantom  is  designed  and  prototyped.  Inside  this
phantom,  different  homogeneous/inhomogeneous
materials  would  be  experimented  by  EIT  system.  For
this purpose, the equivalent electrical impedance model
of the concrete and its impurities inside a phantom are
studied.

To  analyze  the  accuracy  and  efficiency  of  the
instrumented  device,  five  different  imaging
experiments  are  performed  on  the  16-electrode
phantom  with  different  mixtures  of  concrete  and
impurities  of  plastic  or  metal.  In  each  experiment,  the
accurate position and impedance of the metal or plastic
cylinders  inside  the  phantom  are  discovered.  The
results show that the EIT system has a high accuracy in
detecting the location and type of impurity in concrete.
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