
Research on damage
visualization of concrete
structures based on electrical
resistance tomography

Chenhui Su1*, Wenchao Zhang1, Jianyu Zhao2, Hongjuan Yang1

and Chengdong Li1

1Shandong Key Laboratory of Intelligent Buildings Technology, School of Information and Electrical
Engineering, Shandong Jianzhu University, Jinan, China, 2School of Control Science and
Engineering,University of Jinan, Jinan, China

Concrete is used in the construction of high-rise buildings, large bridges,

viaducts and other structures for a wide range of applications, and damage

to the internal structure of concrete may to lead to catastrophic accidents.

In this paper, electrical resistance tomography is applied to concrete

structural damage detection. The electrical resistance tomography

imaging reconstruction algorithm is studied. The advantages and

disadvantages of five image reconstruction algorithms are investigated

through simulation experiments as well as experiments, and the

improved normalized image reconstruction algorithm is selected. The

feasibility of the used electrical resistance tomography system is

explored by conducting imaging experiments with water bodies, and the

results show that the built system is feasible. Finally, using the resistive

chromatography imaging system, a current excitation is applied to the

concrete, and the data acquisition system collects the boundary voltage

values carrying the internal conductivity distribution of the concrete, and

images its internal structure through the image reconstruction algorithm. It

is achieved to detect damage inside the concrete and to visualize the

imaging when there are pores in the concrete structure and when water

penetrates in the concrete structure.
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1 Introduction

The structure of concrete not only can reasonably play the excellent performance

of steel but also can effectively play the characteristics of concrete, and combine the

characteristics of both cleverly and efficiently [1]. Because of these advantages, it is

widely used in civil engineering. For example, concrete structures are built in large

numbers in high-rise buildings, large bridge structures, port terminals, piers of

viaducts, urban roads, and nuclear facilities that are closely related to people’s
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lives. The infrastructure of these concrete structures faces

severe tests throughout their service life [2]. The sudden

failure of such concrete structures, especially of particularly

significant civil structures, usually brings unpredictable

disasters [3, 4].

In order to maintain the quality of the project to a certain

extent under various natural and man-made destructive

forces, in addition to the regular testing of the main

building materials [5–7], the design often requires testing

of certain important components. When quality problems

occur in concrete structures during construction, for

example, poured concrete test blocks fail to achieve the

expected results, and buried reinforcement deviates from

the required position of the design. When a concrete

structure is subjected to an unavoidable natural disaster, it

is necessary to determine whether the building is still

serviceable and whether it needs to be reinforced. There are

also other natural factors such as weathering and natural

rusting.

At present, with the development of science and

technology, considerable results have been achieved in the

study of both theories and methods of structural health

monitoring. The main theoretical methods to achieve

health monitoring of concrete structures are [8]: 1)

Detection of structural health status is achieved by loading

mechanical waves in concrete structures, monitoring the

propagation and response of mechanical waves in the

structure; 2) The detection of the health status of concrete

structures is achieved by applying electromagnetic waves or

currents in concrete structures [9] to detect their conduction

or response in concrete structures, and the health status of

concrete structures can be reflected in the electrical

parameters of the structure; 3) Heat propagation or

response in concrete structures to detect structural health

[10]; 4) The sensing material, device or structure itself is

embedded in the concrete structure using functional

materials [11] to achieve rapid and direct export detection

of structural health-related parameters; 5) Other methods,

such as direct observation method, X-ray CT method

et al. [12].

In the above discussion, there are many methods to

detect the health of concrete structural materials and

structures, but because of the complexity of such things

themselves, it is difficult to find a universally effective

structural health monitoring method in the short term

[13]. In this paper, Electrical Resistance Tomography

(ERT) is proposed to monitor the health of concrete

structures, which has rarely been reported in the

application of concrete structures. ERT originated from

the electrical impedance tomography technology in the

medical field and is used in the research of medical

detection. Since the British scholar Hounsfield g n and

others manufactured X-ray scanners, ERT technology has

rapidly appeared in the medical field. Metherall [14] used

electrical resistance imaging technology to complete the

scanning and detection of human organs. Later, ERT

technology was applied from the medical field to the

industrial field, such as detecting the characteristics of

liquid velocity and flow in the pipeline. Wagner [15] et al.

Used ERT technology to complete the detection of carbon

dioxide content. Ruzinsky [16] designed and manufactured

an 8-electrode signal acquisition array, and applied electrical

resistance imaging technology to study and analyze the

influence of impurities in the pipeline on fluid

distribution. Zhejiang University [17] studied and

analyzed the sensitive field distribution of gas-liquid two-

phase flow by using ERT detection system with electrode

array of 18. At present, ERT technology is also applied in the

field of geological exploration. Yoon [18] uses electrical

resistance imaging technology to detect the content of

FIGURE 1
Block diagram of ERT system.
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pollutants in soil. China University of mining and

technology [19] used ERT technology to complete the

study of detecting soil resistivity.

The ERT health monitoring method is to measure the

boundary voltage of the concrete structure by applying

current or voltage to the surface of the concrete structure to

obtain the voltage value carrying its internal electrical

information distribution, so that the image reconstruction

technique can be used to reconstruct the composition

reflecting the interface to be measured, thus realizing the

health status monitoring of the concrete structure.

Based on the above characteristics and the basic theory of

ERT imaging, a detailed study of multiple image reconstruction

algorithms and a normalized imaging algorithm are proposed,

and a better image reconstruction algorithm is selected for

damage detection of concrete internal structure through

simulation experiments. A good resistive chromatography

imaging system was built, and a water body experiment was

conducted. Firstly, the experimental object was used as a water

body, and the image reconstruction of the foreign matter set in

the water body was carried out. Using the built resistance

chromatography imaging system to realize the damage

detection of concrete structure, the damage of concrete holes

and water penetration visualization imaging detection were

realized.

2 Basic theory of ERT

The ERT imaging system generally consists of three major parts

[20]: array electrodes, data acquisition system and computer, as

shown in Figure 1. The information of the measured object is

acquired by the data acquisition system through the array electrodes,

such as conductivity, electrical impedance, etc., and then performs

data processing and passes the digital information to the computer,

whichwill reconstruct the image of themeasured object according to

the appropriate reconstruction algorithm.

1) Array electrode. Array electrodes can also be called sensors in

electrical impedance imaging system. For ERT system, the

function of array electrodes is to change the distribution of the

measured surface into the potential information between each

electrode pair. Array electrodes provide information for the

system, which directly limits the quality of subsequent data

processing and image reconstruction.

2) Data acquisition system. Through the collected data, the

information of reactant field impedance parameter

distribution is obtained and transmitted to the image

reconstruction algorithm system.

3) Image reconstruction computer. Through the obtained data,

the image reconstruction is completed. Dynamic imaging and

static imaging are two imaging methods of ERT. This paper

will focus on static imaging.

The mathematical theoretical basis of ERT [21] is the Radon

transform and the Radon inverse transform. An array sensor is

used to obtain projection data in all directions inside the object

field of the interface to be measured in a non-invasive way

(i.e., Radon transform is realized), and the image reflecting

the distribution information of the substance to be measured

in two or three dimensions is reconstructed through a certain

reconstruction algorithm (i.e., Radon inverse transform is

realized).

Letf(x, y) be a continuous function on R2 and bounded,L be

a line, and definef(x, y) to follow the line integral of the line.

Rf(x, y) � ∫
L

f(x, y)dl (1)

is the Radon transform, dl - line differentiation, R - Radon

transform operator.

LetB � (x, y) be a point in the plane of the right-angle

coordinate systemX − Y, thenf(B) � f(x, y) represents the

value of the function at the point(x, y). Any line in the plane

can be expressed as

L: t � x cos θ + y sin θ (2)
f(x, y)of the Radon transform can be expressed as follows

Rf(x, y) � ∫
t�r cos θ+y sin θ

f(x, y)dl (3)

Among them, dl �
������������
(dx)2 + (dy)2

√
As shown in Figure 3.

The mechanism of mutual transformation of two coordinate

systems is shown in Eq. 4.

[x
y
] � [ cos θ − sin θ

sin θ cos θ
][ t

s
] (4)

FIGURE 2
Boundary voltage values collected by model one.
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Substituting the above equation into Eq. 3, the expression for

theRadon transformation is calculated as

Rf(t, θ) � ∫f(t cos θ) − s sin θt sin θ + s cos θ)ds (5)

The f(x, y) value at any point inR2 at(x, y) can be uniquely

determined by Eq. 6.

f(x, y) � − 1
2π2

lim
ε 				→ 0

∫∞

0

1
q
∫2π

0
Rf1(x cos θ + y sin θ + qθ)dθdq (6)

Among them, Rfl(q, θ) is the partial derivative of Rf(q, θ)
with respect to the first variable q.

The mathematical model of the sensitive field of the resistive

laminar imaging system, calculated from the equationMaxwell ,

is shown in the form of Eq. 7

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇ ·D � ρ

∇× E � −zB
zt

∇ · B � 0

∇× H � J + zD

zt

(7)

Among them, D - electric induction strength, ρ - charge

density, E - electric field strength, B- magnetic induction

strength, H - magnetic field strength, J - current density.

FIGURE 3
Reconstruction results of 5 models.

Frontiers in Physics frontiersin.org04

Su et al. 10.3389/fphy.2022.993260

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.993260


In an isotropic medium, there are

⎧⎪⎨⎪⎩
D � εE
B � μH
J � σE

(8)

Where σ is the electrical conductivity, ε is the dielectric constant,

and μ is the magnetic conductivity.

Since there is a current sink or current source in the sensitivefield,

namely the dispersion of the current density is zero everywhere in the

field, the following equation holds for any point in the ERT field.

∇•J � 0 (9)

J � σE (10)
E � −∇ϕ (11)

Where ϕ is the potential distribution function within the sensitive

field, this distribution function satisfies

∇•(σ∇ϕ) � 0 (12)
∇σ•∇ϕ + σ∇2ϕ � 0 (13)

In a uniform field, ∇σ � 0, the above equation can be

simplified to Laplace’s equation

∇2ϕ � 0 (14)

3 Image reconstruction algorithm

The positive problem and the negative problem are the two

main problems of ERT. Simply put, when a known current is

FIGURE 4
Reconstructed image after normalization.

Frontiers in Physics frontiersin.org05

Su et al. 10.3389/fphy.2022.993260

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.993260


injected into the interior of the object under study and the

internal conductivity distribution of the object is known,

solving the boundary voltage from it is the positive

problem for ERT. When the boundary voltage is known

and the injection current is known, calculating the

resistivity distribution of the object of study is the negative

problem, which is also called the inverse problem. The inverse

problem is the problem of solving the internal conductivity

distribution by the boundary voltage, which is a mathematical

inverse problem and a physical inverse process, and is

essentially a problem of finding the microquotient [22].

Currently, scholars generally consider the inverse problem

of resistive tomography as pathological in the sense that the

obtained internal resistivity distribution of the object has a

very large gap in spite of the small variation of the measured

boundary voltage. This characteristic is also the biggest

problem that leads to resistive tomography imaging.

Generally speaking, image reconstruction algorithms are

used to calculate the distribution of resistivity in the measured

field through boundary conditions, which is the core problem of

ERT imaging. The first problem that needs to be solved in order

to implement resistivity tomography is the selection of the image

reconstruction algorithm [23]. However, there are several

difficulties in the image reconstruction of resistivity

tomography, which are mainly reflected in nonlinearity,

pathological, underqualification.

The “soft field” effect of the sensitive field is responsible

for most of the difficulties in resistive tomography. On the

physical level, because the direction of the current flow does

not change abruptly, the precise discrimination of the

physical boundaries of the internal medium to be

measured is the most difficult aspect of resistive

tomography imaging. The “soft field” effect in the

measured field, i.e., the distribution of conductivity

changes with the change of the measurement medium.

Namely the distribution of conductivity, in addition to the

location of the pixel point, is also related to the influence of

the medium on conductivity throughout the interval [24].

This makes the solution of conductivity very complicated,

making it a special nonlinear optimization problem.

Asymptotic methods and iterative methods are usually used

to deal with complex nonlinear optimization problems. Typical

representatives of iterative algorithms include Landweber

algorithm [25], Newton-Raphson (NR) algorithm [26], and

Conjugate Gradient (CG) algorithm [27]. The typical

representatives of non-iterative algorithms are Linear back-

projection (LBP) algorithm [28] and sensitivity coefficient

method [29].

In order to discuss the imaging effect of the 5 algorithms,

COMSOL3.5 simulation software was used to simulate and

analyze the ERT system in this paper. In the design, five

models were set up, as shown in the five models at the top of

Figure 2. The first four were circular models, which

contained one circle, two circles, three circles and half

circles respectively. The fifth model was a square

containing a circle, and the five models all used the same

simulation conditions, 16 electrodes, adjacent excitation, and

counterclockwise direction for data acquisition. The

boundary voltage values collected by model 1 are shown

in Figure 2. Each model used five image reconstruction

algorithms, and the reconstruction results are shown in

Figure 3.

FIGURE 5
Experimental container.

FIGURE 6
Boundary voltage data collected for Experiment 1
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In Figure 3, it can be seen that the conjugate gradient method

is the best reconstruction, followed by the Landweber method,

then the sensitivity coefficient method, then the LBP algorithm,

and finally the Newton-raphson algorithm.

In the ERT linearization algorithm, the construction of the

sensitivity matrix directly affects the quality of the reconstructed

image because of solving the inverse problem itself: nonlinearity,

pathology and other problems. The normalization of the

sensitivity matrix is a way to make the sensitivity field

distribution more uniform, and the sensitivity matrix after

being normalized increases the sensitivity at the center of the

measured field, which can effectively improve the quality of the

reconstructed image. Because the sensitivity matrix S has higher

sensitivity at the pixel points close to the peripheral boundary

electrodes, it will lead to lower sensitivity at the center of the

reconstructed image, based on the linearization equationSg � z ,

whose correction expression is

(SW)(W−1g) � z (15)

Assume that the matrix W is non-singular, namely there

exists a unique inverse matrix W−1. The simplest and most

efficient way to define the non-singularity of the matrix W is

to make W a diagonal matrix, namely W � diag(wk), and

wk ≠ 0. According to Eq. 15, whose solution is obtained as

g � W(SW)†z (16)

FIGURE 7
Reconstructed image of water body experiment.
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Where (SW)† is the generalized inverse of SW. This method

effectively reduces the difficulty of finding the matrix inverse

when the matrix SW has lower pathological properties than the

matrix S.

By choosing the ideal diagonal elementwk according to the

situation, the effect of the uneven sensitivity matrix on the

imaging results can be reduced. Here,wk is defined to

normalize each pixel point

wk � ⎛⎝∑M
i�1
Si

2
j
⎞⎠−1/2

(17)

Where M is the number of boundary measurement data.

In this paper, the above five models were performed image

reconstruction, and the image reconstruction algorithms were all

normalized, and their image reconstruction results are shown in

Figure 4.

It can be seen that the quality of the reconstructed images is

obviously improved after normalization of the sensitivity matrix,

especially for model IV. The quality of the reconstructed images

after normalization of the sensitivity coefficients method is very

much improved, which indicates that the normalized sensitivity

coefficients method is more effective for the reconstruction of

more complex cases in the field.

4 Verification of concrete internal
damage identification based on ERT

4.1 Imaging system commissioning with
water bodies as experimental objects.

The model design of this paper is based on the object of the

water body, because water is a more homogeneous substance

FIGURE 10
Boundary voltage values collected from circular concrete
specimens.

FIGURE 8
Steel sheet electrodes used in concrete structures.

FIGURE 9
Measure equipment.

FIGURE 11
(A) shows a circular concrete specimen with 16 electrodes,
(B) shows its reconstruction image.
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compared with the concrete structure we are investigating, which

is more conducive to the debugging of the whole ERT system.

This paper made the experimental container containing

water, the diameter of the container was about 20cm, the

height of the water inside was about 18cm, as shown in

Figure 5. From the order of activity of metals table,

considering the economy, the design based on the experiment

of the production of electrodes material selected copper,

electrode size width of about 3cm, length of about 4cm,

thickness of about 3 mm.

In the actual experimental study, this paper was conducted in

five groups of experiments for imaging experiments with a body

of water, respectively, an empty circular medium placed on the

left side of the water body, a circular medium placed on the right

side of the water body, two circular mediums placed at the same

time, a square wooden stick placed, and a wooden board placed

in the water body, as shown in the five photos at the top of

Figure 7.

In the above five experiments, the current excitation was

applied to them respectively, and the boundary voltage projection

data were collected through the data acquisition system. Adjacent

mode is used for data acquisition. Figure 6 shows the boundary

voltage data collected in Experiment 1, and the image

reconstruction was performed through five image

reconstruction algorithms written by MATLAB, and the

reconstructed image results are shown in Figure 7.

In Figure 7, it can see that the normalized Landweber

algorithm can basically see the location of the substances in

the water body in general for the five experimental cases, but it is

not very accurate. The normalized Newton-Raphson is not very

sensitive to the reconstruction effect of these five experimental

cases, and basically cannot get the location of the substances

contained in the water body. In experiment 5, we can see the

location of the wooden board placed in the water body.

Normalized conjugate gradient algorithm and normalized

Landweber algorithm imaging effect is roughly equivalent.

Because of the sensitivity of the center of the sensitive field,

normalized LBP algorithm is relatively low, so the center of the

material can not be seen, and always appear artifacts in the center

of the location. Normalized sensitivity coefficient method

reconstruction effect is the best, both in the location and size

can be a good response to the body of water contained in the

substances, especially for experiment IV, but also can clearly

reflect the geometry of the substances contained in the

water body.

The above experiments show that the electro-layered imaging

system can image the substances contained in the water body

well, and the best imaging algorithm is the normalized sensitivity

factor method.

FIGURE 12
(A) shows a square concrete specimen with 16 electrodes, (B)
shows its reconstruction image.

FIGURE 13
A shows the reinforced concrete specimen after rusting.

FIGURE 14
(A) shows one third of the wetted concrete specimen, and (B)
shows its reconstructed image.
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4.2 Experimental study of ERT in concrete
flaw detection.

Considering the economic and convenient type, only the steel

sheet electrode shown in Figure 8 was used in the test of concrete

structure, which also has stable chemical properties.

The concrete test blocks made in this paper used a sand rate of

2 and a water-cement ratio of 0.6. A bag of 1350 g of standard sand

was used for each test block. After the concrete has set and stabilized,

the mold was demolded to obtain the concrete test blocks shown in

Figure 11. a and Figure 12. a. Current excitation was applied to the

concrete specimen blocks and the boundary voltage values were

collected using a data acquisition system as shown in Figure 9.

ERTmeasurements were obtained by using 16 electrodes placed

uniformly around the concrete sample. In this paper, adjacent

excitation and adjacent measurements are used. With a current

of 20 mA, current was injected into the adjacent electrode pairs

while the remaining electrodes floated and the voltage on each

remaining adjacent electrode was measured. After using all adjacent

electrode pairs as sources, the conductivity distribution over the

cross section was mathematically reconstructed from the voltage

measurements by an appropriate reconstruction algorithm.

The image reconstruction of the two concrete test blocks

fabricated using the model built by Comsol finite element

package and the image reconstruction algorithm written under

MATLAB is shown in Figure 11. b and Figure 12. b, respectively.

From the reconstruction results, it can be seen that the application

effect of ERT in concrete structure damage detection is still possible, as

in Figure 11, the reconstructed image can not only achieve the

detection of the damage location, but also the reconstruction of

the damage geometry reproduction. In Figure 12, the reconstruction

effect is less satisfactory, but the location of the damage can also be

reproduced. The reason for the unsatisfactory reconstruction effect is

that the square sensitivity matrix is more unevenly distributed,

resulting in numerous reconstruction image artifacts.

4.3 Experimental study of seawater
penetration in concrete structures.

The paper concludes with a study of seawater penetration in

concrete structures. In this paper, three comparative tests were

designed by placing the test blocks vertically in salt water (as

shown in Figure 13) and wetting approximately one-third, one-

half and all of the test blocks, respectively, as shown in Figures

14–16. a.and b shows its reconstructed image.

The current excitation is applied to the concrete specimen, the

boundary voltage is collected by the data acquisition system, and it is

imaged by the image reconstruction algorithmwritten. The imaging

effect is shown as in Figures 14–16. b, respectively, in which the

change of the concrete specimen after wetting can be seen.

5 Conclusion

In this paper, the problems and methods related to the

application of resistance chromatography imaging technology

in concrete structure flaw detection are explored and

investigated. After experiments, it is shown that the

application of resistance chromatography imaging technology

in concrete structure damage detection is feasible, and the main

research contents and conclusions are as follows.

1) Based on the basic principles and methods of ERT, five image

reconstruction algorithms are studied, and the advantages

and disadvantages of the algorithms are compared with each

other after simulation experiments and actual experiments.

2) Due to the non-uniformity of the concrete structure, this

paper firstly used a body of water instead of a concrete

structure for the commissioning of the entire electrical

chromatography imaging system, the experiments show

FIGURE 15
(A) shows a one-half wetted concrete specimen, and (B)
shows its reconstructed image.

FIGURE 16
(A) shows the fully wetted concrete specimen, and (B) shows
its reconstructed image.
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that the system designed in this paper can achieve the imaging

detection of “inclusions” in the body of water.

3) Finally, the electrical chromatography imaging system

designed in this paper is applied to the detection of

damage in concrete structures, imaging the detection of

joints (pore size) in concrete and imaging the detection of

seawater penetration in concrete, respectively.

The experimental results show that the application of ERT in

concrete flaw detection is feasible, which provides a new idea for

nondestructive testing of concrete structures.
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