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Abstract—This paper presents a proof of concept of a Non-
Destructive microwave imaging technique for the determination
of the corrosion percentage in reinforced concrete structures. This
technique is based on a combination of frequency domain mea-
surements of the scattering signature of the concrete structure
and the application of thermal induction on the rebar surface.
The propagation of the electric fields through the structures
is simulated using the scattering theory for metallic cylinders.
Transmission measurements on test samples with different cover
depths and corrosion percentages of the rebars are performed
showing promising results on the detection and quantification of
the corrosion in reinforced structures.

I. INTRODUCTION

Corrosion in steel reinforced concrete (RC) structures is one
of the main causes of cracks and deterioration of concrete,
leading to the early failure of RC structures with fatal human
consequences. These consequences are not only related to
severe damage to human beings (a sad example is the collapse
of a concrete highway viaduct segment in Canada due to rebar
corrosion in which five lives were lost [1]) but also to a global
cost of corrosion in the US of $276 billion per year [2].
Consequently, a rapid and efficient detection of the corrosion
could lead to cost savings of billions of dollars per year.

Although some of the electro-chemical sensors for corrosion
monitoring appear to be effective, they cannot be applied to
existing RC structures whose rebars are embedded in concrete.
In this regard, some Nondestructive Techniques (NDT) have
been studied, but they all have their limitations and drawbacks.
For instance, X-rays or ultrasounds can measure changes in
density and cracks with high accuracy respectively, but they
have certain safety requirements or may be very sensitive
to surrounding changes (vibrations, changes on temperature,
humidity, etc). To overcome these difficulties, a NDT for
corrosion detection based on a combination of frequency
domain microwave imaging and thermal induction is proposed
in this paper.

II. PRINCIPLE OF THERMAL INDUCTION IN RC

The technique proposed herein consists on performing mi-
crowave thermally induced differential measurements on RC
structures with corroded and non-corroded steel to assess its
capability to quantify the amount of corrosion on the rebars.
Given the capability of microwaves to sense and penetrate

light-opaque materials with sufficient resolution and penetra-
bility, they are aimed to provide response sensitive enough
to the corrosion amount variations given a certain geometry.
In addition, microwaves are believed to be able to measure
changes in temperature of electrically soft materials such as
concrete, since microwaves are sensitive to the temperature
induced conductivity and resistivity changes. Electrical con-
ductivity is strongly dependent on temperature following a
non-linear dependence. However, the degree of nonlinearity
is relatively small in a temperature range of environmental
monitoring, and a linear equation [3] is commonly used to
represent this relation:

14+ a(T - Tp)

where g is the electrical conductivity at the temperature
Tv=20 °C, o is the electrical conductivity at the measured
absolute temperature 7" and « is the temperature coefficient of
resistance [4]. This equation is represented in Fig. 1, where it
can be seen that for the most common temperature variations
in environmental monitoring, the steel preserves its conducting
properties.
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Fig. 1. Evolution of the conductivity depending on the temperature difference
(T — To).

It has been proven in [5], using both conventional thermo-
coupler and infrared (IR) thermography, that concrete with
corroded steel and rust has a better capability to absorb and
release heat, showing faster heating and cooling rates than
the one with non-corroded steel rebar. Hence, the heating and
cooling rates compared to those measured on a non-corroded
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sample are believed to provide information about the corrosion
amount on a reinforced concrete structure.

In this technique the rebar embedded in the concrete
is heated by an electromagnetic high-frequency alternating
current (AC) electrical inductor. The radio frequency (RF)
electrode is applied to one of the concrete surfaces, the metallic
rebar is remotely heated and the heat is transferred to the
concrete surface. In average, the temperature at the edges of
the rebar (that are exposed to air in the present RC samples)
will increase 1°C every 3 minutes. Slight variations of this
figure may occur depending on the cover depth (distance
between the concrete surface and the closest rebar surface)
of the sample. Then, the RF electrode is removed and two
microwave sensors are placed in a transmission arrangement
to monitor the s-parameters during a certain time period.

III. MODELING OF THE GEOMETRY

The study is focused on the analysis of two specific RC
samples with different concrete cover depths and a rebar
diameter of 2ry=1.25 cm (4/8” according to the standard
nomenclature for rebar diameters). Fig. 2 shows a scheme of
these two samples. Samples of type A have a cover depth of
cq=3.75 cm (1.5”) and a total width of d,,,=8.75 cm. Samples
of type B have a cover depth of c4=5 cm (2.0”) and a total
width of d,,,=11.25 cm.
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Fig. 2. Scheme of the two types of blocks used in this experiment with
different cover depths. Blocks of type A have cover depth of c4=1.5" and
blocks of type B have a cover depth of c4=2".

Three different samples of each type are fabricated with
different degrees of corrosion induced on their rebars. The
impressed current method [6] is used to accelerate corrosion
on the rebars. Samples with 0%, 10% and 30% corrosion
percentages are fabricated. The corrosion amount on a rebar is
typically calculated as the percentage of weight lost with re-
spect to a non-corroded rebar. Although the corrosion process
may not be uniform along the rebar, it could be assumed that
the loss of weight is equivalent to a uniform loss of volume on
the rebar, thus simplifying the model of the geometry. For a
N% corrosion amount the overall weight is reduced in N% and
so the overall volume is. As a consequence, the final radius
of the rebar can be expressed as:
1—Nrg 2)

T'met =

where 2r( is the initial diameter of the rebar. In addition,
it has been reported in [7] that when the volume of the
rebar is reduced due to heavy corrosion, a volume of rust
appears surrounding the rebar and occupying four times the
corresponding loss of volume in the rebar . Then the outer
radius of the rust area can be written then as:

Toxi = V 1 + 3N7’0 (3)

This data can be helpful to consider a layered scenario
for simulations. The rust can be modeled as a new hollow
cylinder surrounding the steel rebar. This cylinder has a certain
thickness filled by a dielectric material which is the rust layer.
The higher the amount of corrosion, the thicker the hollow
cylinder is and the thinner the rebar is. Fig. 3 shows how the
inner rebar is reduced when the amount of rust increases.

30%
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Fig. 3. Variation of the rebar and rust diameters for different corrosion
percentages.

IV. SCATTERING PRINCIPLE OF A PEC CYLINDER

Being the steel rebar considered as a scattering cylinder
embedded inside a layered dielectric medium, an analytical
study of the variations of the total received field depending
on the geometry and composition is performed based on the
formulation for scattering cylinders and cylindrical wave inci-
dence [8]. This formulation considers the simplified model of
a Perfect Electric Conductor (PEC) cylinder with radius 7+
embedded in a lossless medium with an equivalent effective
permittivity that depends on the corrosion amount. That is,
the equivalent effective permittivity is considered to be higher
for higher corrosion. The transmitting and receiving current
filaments are placed parallel to the cylinder at a distance p’
and p from the cylinder center respectively, as shown in Fig.
4.

PEC cylinder

Dielectric host, & _eff

Fig. 4. PEC cylinder embedded in a dielectric host medium with effective
permittivity €, ¢ .
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According to this formulation the total received field may
be expressed as:
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Fig. 5 shows the evolution of the phase of the total received
field for changes in the corrosion rate in scenarios A and
B. The transmitters and receivers are located at the centers
of two opposite concrete surfaces, as indicated in Fig. 2.
The equivalent effective permittivity of the host medium is
considered to be €, oy =15 and €, .y =17 in cases A and B
respectively.
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Fig. 5. Simulated variation of the phase of the total received field (S12) in

scenarios A (a) and B (b).

Notice that the presence of rust represents an increase
of attenuation and propagation delay of the received signal
in all cases. The increase of the propagation delay in the
corroded rebar may be explained as a duel of consequences:
on one side the reduction of the rebar diameter implies a
reduction of the electrical distance for the creeping waves to
propagate. On the other side, the presence of a high dielectric
material surrounding the rebar makes this electrical distance
longer, which leads to a strong reduction of the propagation
speed. As a result of this balance, the final propagation speed
with respect to the non-corroded rebar is lower, and so the
propagation delay increases. Notice as well that the slope of

the phase is higher in case B, since the concrete sample is
thicker.

V. MEASUREMENTS OF THE SCATTERING SIGNATURE OF A
CORRODED REBAR EMBEDDED IN CONCRETE

Once the scattering principle of the rebar is analytically
studied, preliminary frequency domain measurements using
two ridge antennas (3-12GHz) in a transmission arrangement
are conducted to validate the model.

Conecrete test

block

Antenna Rx

(H-polarized)

Antenna Tx
(H-polarized)

Steel rebar

Fig. 6. Schematics of the antenna arrangement and the rebar orientation.

The relative arrangement between the antennas and the rebar
is shown in Fig. 6, where the antennas and the rebar have the
same polarization. Measured module and phase results of the
So1 parameter are shown in Fig. 7 and Fig. 8. The module
shows that the attenuation is higher for higher corrosion
amounts. Additionally, as it was observed in the simulations of
the phase in Fig. 5, the propagation velocity is lower for higher
corrosion amounts. Also, differences between phase slopes are
higher in case B where the distance between the rebar and
the surface is higher. However, in this case the attenuation is
so high that signal levels are too low (close to noise level),
specially at high frequencies.

VI. MEASUREMENTS OF THE SCATTERING SIGNATURE
GRADIENT DURING COOLING PROCESS

Once the main trends of the received signal depending on
the cover depth and rust percentage are studied, inductive
heating is applied to the concrete surface for 3 minutes. The
total received signal is monitored during the first 3 hours of
the cooling down process. Normalized results of the module
of the received signal time-gradient in the samples of type A
and B are shown in Fig. 9 and Fig. 10 respectively.

Notice that in both in Fig. 9 (b-c) and Fig. 10 (b-c), the
signal gradient fades faster than in Fig. 9 (a) and Fig. 10 (a).
The signal becomes stable when the temperature stabilizes as
well. This means that the corroded rebar (b-c) has a faster
cooling rate than the non-corroded one (a). Also, it can be
observed that the gradient is less homogeneous in frequency
in presence of corrosion.

VII. CONCLUSIONS

The microwave NDT presented in this paper shows promis-
ing preliminary results on the characterization of corrosion rust
in RC structures. Measurements of the scattering signature

819



-20

v’_'.‘f'.'il’:ﬁk o R
? _40} ¢ .m0 'Q‘:::‘;.“ _:':o.o‘:;:-:_ ‘:.‘.\
= ¢ o .. - "’.,v "u,
m& 0 “a 'A,v .v:‘%:!‘
Q -60 o Y "'0.,\ .‘:,
] K )
g -
= -80j-e-Measured: A 0% rust “;
¥ Measured: A 10% rust )
100 4+ Measured: A 30% rust ‘ ‘
2 4 6 8 10 12
Frequency (GHz)
(a)
-20 , ; ; ;
LI = e L™
T -40f LRe ey - 1
g ¢ ‘.‘.’ Aol 3 T3 :'..x__-‘“’ "
~ ., twle.,
I 0.‘ v, %q
wn —60’ ~0-Q.~¢.‘ . V.. ’.. B
2 Y AN
3 "o, w4
o *e. s
= -80|-e-Measured: B 0% rust * bt
+ Measured: B 10% rust "o,
100 + Measured: B 30% rust ‘ ‘ K
2 4 10 12

Fig. 7.

6 8
Frequency (GHz)
(®

in scenarios A (a) and B (b).

Measured variation of the module of the total received field (S12)

~"*'t-‘.,%' ‘ -e-Measured: A 0% rust
o0l b N ~+ Measured: A 10% rust
5 ‘Q"’t + Measured: A 30% rust
g ':’.*g
~ —40t b 1
o Ty
o Seg Py,
o -60r R 1
© o g
R LR N
o "v. L >
-80r o
-100 ‘ 6 8 10 12
Frequency (GHz)
(@)
»,.;. ‘ -e-Measured: B 0% rust
20 > . ~+ Measured: B 10% rust
5 s <+ Measured: B 30% rust
g
£ .
= %0 '3.‘"."‘
(%) R
2 _eor RBES ]
e o g
o 80 “.9:"”:;‘“
- *. -o. .Q;‘}
i i i i .‘
-100 6 8 10 12
Frequency (GHz)
(b)

Fig. 8.

Measured variation of the phase of the total received field (S12) in

scenarios A (a) and B (b).

of RC samples with different corrosion rate show different
characteristics in relative module and phase of the received
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signals. Additionally, measurements during the cooling rate of
the RC samples after inductive heating show different module
gradients. The corroded rebars present faster cooling rate and
less homogeneous gradient than the non-corroded ones. In
summary, this analytical experimental study constitutes a good
proof of concept for the development of a nondestructive
evaluation method to detect and quantify the rebar corrosion
of reinforced concrete structures, which is needed to ensure
their structural safety.
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