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Abstract

This paper describes a GPR study carried out with the aim of evaluating deterioration of concrete floors in a textile
factory. In the past, production process waste was spilt onto the floor of the factory. A slow but continuous action from this
waste on the concrete caused a significant variation in its porosity that can be detected by studying changes in the GPR
reflected pulse. A simple synthetic model was developed in order to obtain information about how the response of the GPR
antenna pulse is affected by changes in the porosity of concrete. It should also be taken into account the different conditions
of the factory floor at the time of testing, as it had been isolated from the action of waste for many years. The heterogeneous
conditions of the floor and the simplicity of the model used did not allow for an accurate estimate of the porosity; however,
it was possible to map degraded areas of the floor in relationship to changes in the reflected signal. Core samples taken
showed that some areas had concrete porosity of 15% and up to 25%, which is closer to that of sand than to concrete.
q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Textile factories produce chemical waste and by-
products during some of their production processes.
An inadequate removal can cause problems not only
in the environment but also within the factory itself.
This was the situation in a factory, which had spilt
liquid waste and by-products onto its 30-cm-thick
concrete floor for a period of 15 years. This slow but
continuous action of these waste products on the
concrete was the cause of major deterioration in its
internal structure.
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In looking for a solution to this problem, the
spillages were stopped and the top of the floor was
covered with a new layer of small slabs. After this, a
structural study of the concrete was carried out by
taking core samples from some areas of the floor;
this investigation indicated the effect of the liquid in
the concrete, increasing its porosity especially within
its first 15 cm.

This information allowed us to design a GPR
investigation with the aim of detecting those areas of
the floor that showed changes in their porosity. A
synthetic model was developed in order to obtain
information about the response of the GPR antenna
pulse depending on the changes in the porosity of the
concrete. The model is based on the following hy-
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pothesis: the liquid attacks the concrete from top to
bottom; this means that its effect could be seen more
evidently just below the surface.

It was decided to study the reflection of the
air–concrete interface because it would be represen-
tative of the condition of the concrete. To have a
clear reflection of this interface, the 900-MHz an-
tenna used was placed at a distance of 25 cm from
the floor using a non-metallic, moveable skate.

As the floor had not been exposed to the liquid
for some time, it was thought that the conductivity of
the concrete would not be so high. Therefore, the
variation of porosity should appear as a reduction in
the reflection coefficient because of the decrease in
the concrete dielectric constant.

Some radar tests were made where the core drills
samples had been taken. The results indicated that
soundings made near core sample areas where the
porosity was high, showed changes in the reflection
coefficient, in comparison to those made in sound
concrete. Thus, a full GPR study of the factory floor
was made, which allowed us to map those zones of
Aless reflection coefficientB associated with degrada-
tion in the concrete floor.

During the last 15 years, there has been a substan-
tial amount of publication work where GPR is exten-
sively used for non-destructive testing of civil engi-
neering structures and to infer the electromagnetic
parameters of a material, many of them through the
study of the reflection coefficient. These works in-
clude advances in bridge deck control and evaluation
ŽCarter et al., 1992; Weil, 1992; Chung et al., 1994;

.Halabe et al., 1997; Yelf and Carse, 2000 , develop-
ment of numerical methods to provide detailed infor-
mation of the electromagnetic parameters and inter-

Žnal structure of pavement materials, Halabe, 1990;
Molineaux et al., 1995; Sousky et al., 1996; Lazaro-´
Mancilla and Gomez-Trevino, 2000; Olhoeft, 2000;´ ˜

.Shaw et al., 2000 , characterization of materials un-
Žder laboratory conditions Shaw et al., 1993; Tsui

and Matteus, 1997; Matthews et al., 1998; Robert,
.1998; Shang et al., 1999 , estimation of permittivity

Žthrough the reflection coefficient Glover, 1987;
Maser and Scullion, 1991; Saarenketo and Roimela,

.1998; Al-Qadi et al., 2000; Reppert et al., 2000 .
Most of these works try to obtain the best ap-

praisal of construction and pavement materials per-
mittivity and conductivity, studying samples under

Žvery controlled conditions porosity, moisture con-
.tent, etc. , and propose models and mixing laws to

advance predicting changes in those parameters. In
our case, the unknown variations of the internal
structure of the floor cause problems in providing an
accurate estimation of its porosity based on any of
those models. The very dry condition of the floor
allows us to apply a simple method to look for large
variations in the concrete porosity based on varia-

Žtions in the reflection coefficient which, in this
special case, seems mainly to depend on its permit-

.tivity between sound and degraded concrete.

2. Method

The study carried out with GPR endeavoured to
evaluate the effect of an increase in concrete porosity
in radar response, and check if this effect allows
detection and mapping of high degradation areas.

2.1. Influence of porosity in the electromagnetic
parameters of concrete

Ž .Based on the works of Cook 1975 , Ulriksen
Ž . Ž . Ž .1982 , Glover 1987 , Halabe 1990 , and also on
recommendations of the ASTM Standard D4748-87,
we accept a typical value of 6.2 for the real part of

Ž X .relative permittivity ´ of sound and dry concrete,r
y2 y4 Ž .and 10 –10 mhorm for its conductivity s .

Core samples taken from both sound and degraded
areas showed porosity of 5% and 15–25%, respec-
tively.

In Fig. 1, we see that for a frequency of 900 MHz
and conductivity values of 10y2 mhorm or less, the

Ž .contribution of s in tand d , loss angle to obtain
an estimation of impedance is negligible against its
dependence from ´

X.r

The effect of porosity variation in the concrete
dielectric constant ´

X can be predicted throughr
Ž .AWiener formulaB Ulriksen, 1982 . In accepting a

concrete with a very slight degree of saturation
Ž .concrete pores just full of air , the formula simpli-
fies to:

´
X y1 ´

X y1rc rs
s 1yp 1Ž . Ž .X Xž /´ q2 ´ q2rc rs

where ´
X sconcrete relative permittivity, ´ X ssolidrc rs

matrix relative permittivity, psporosity.
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X Ž .1r2Fig. 1. Impedance as function of conductivity, at 900-MHz frequency, for a material with ´ s6. Dashed line: hs mr´ . Solid line:r
Ž .1r2 Ž 2 .1r4hs mr´ r 1q tan d .

The special conditions of the floor—under cover
of rain and free from liquid waste being spilt on it

Ž .for many years—allows us to assume Eq. 1 with-
out committing major errors.

Two more formulas where used to predict the
variation of concrete permittivity. First, from Hara

Ž .and Sakayama 1984 , which results:
X X

´ spq 1yp ´ 2Ž . Ž .( (rc rs

Ž .Second, from BHS formula—Olhoeft 1987 , Duke
Ž .1990 —which results:
´
X y´

X
rs rc 1r3Xsp ´ 3Ž . Ž .X rc
´ y1rs

Fig. 2 is the plot of these three formulas. They
show the theoretical evolution of concrete permittiv-

Žity according to porosity increase we use a simple

model as an example that serves to show the internal
.structure of a concrete factory floor . The plot starts

with ´
X s6.25 and ps0.05, which we consider asrc

characteristic of sound concrete in the floor of the
factory. The three curves prove the same: as porosity
increases, ´ X decreases, having a value of 4–5 for arc

porosity of 20–25%. It is necessary to know how
this variation on ´

X from 6.25 to 4–5 affects therc

radar signal, particularly the reflection in the air–
concrete interface.

2.2. Influence of concrete dielectric constant Õaria-
tion in the reflected pulse from the air–concrete
interface

The amplitude reflection coefficient at the inter-
face of two materials depends on the electrical prop-

Fig. 2. Real part of relative permittivity of the concrete floor as function of its porosity.
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Fig. 3. Amplitude reflection coefficient as function of ´
X at 900-MHz frequency and ss10y3 mhorm.r

erties of both of them. It can be expressed as a
function of their impedance contrast:

h yhc a
rs 4Ž .

h qhc a

where rsamplitude reflection coefficient, h sa

impedance of air, h s impedance of concrete.c

Accepting a low level of conductivity for the
concrete and takings the electrical properties of air
into account, Fig. 1 permits to attain the expression
of the reflection coefficient as a function of the

Ž .permittivity of concrete according to Eq. 5 and Fig.
3:

X1y (́ rc
rs 5Ž .X1q (́ rc

The conclusion of the theoretical study is that, in
the very special circumstances of the textile factory
floor, it is possible to expect a diminution on the
amplitude of radar reflected pulse from degraded
areas.

3. Identification of degraded zones

Fig. 4 is a plan-view map of the factory hall. It is
organised in corridors 20-m long and 2–3-m wide
with the machinery situated between the corridors
like the one shown in Fig. 5. A 900-MHz centre
frequency monostatic antenna was used in the inves-
tigation of the floor because of its good resolution,
small dimensions and short pulse emission. A non-
metallic skate was designed to move the antenna at a
constant distance of 25 cm from the surface. This

was designed to filter the direct signal between
dipoles of the antenna for a better identification of
reflection from the surface of the concrete floor.

Radar grams were attained moving the antenna at
a slow velocity of 0.5 mrs and storing data at 16
scansrs. The results were averaged in order to have
homogeneous profiles of 20 scansrm, 1 scanr5 cm,
enough horizontal resolution so as degradation of
concrete would appear in longer distances.

3.1. Proposed method

Because the filtering action was from the top to
the bottom of the concrete layer, it was possible to
assume for a high degradation in the first centimeters
of the floor. Thus, the first reflection—from air–
concrete interface—should be representative of the
state of concrete at that point. Fig. 6 is an example of
a scan obtained in the factory; the pulse from the top
of the floor is highlighted.

For the analysis of amplitude reflection, an auto-
matic calculus program was developed with the fol-
lowing steps:

1. Data reading
2. Filtering of direct signal between dipoles
3. Obtaining of filter data
4. Scan analysis:

Ž .a Definition of integration limits
Ž .b Estimation of reflected energy through

Ž .calculated curve area defined in a
Ž .5. Obtaining an attenuation index AI, dB at

each point, like the relationship between area
attained at this point compared with area at-
tained in a zone of sound concrete
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Fig. 4. Plan-view map of the factory hall with the GPR lines carried out in this study.

6. Plot of attenuation index at each point of
profiles studied

7. These graphs need a final interpretation, which
takes into account the effect of local elements
in the surface or close to the antenna.

Fig. 7 contains the integrated area of the stored
scan of Fig. 6. The selection of those limits is quite
subjective; we think it is necessary to study an
integration limit large enough to take into account
the full reflected pulse from the air–floor interface,
but small enough to allow for the influence of exter-
nal reflections due to the machinery of the factory.

The selection of the integration limits was made
taking into account the time length and waveform of

Žthe emitted pulse a A1 1r2 periodB pulse, 2 ns
.timespan, of the 900-MHz antenna used . The first

reflection we detected from the air–floor interface
was a A2-periodB wavelet, which could indicate more
than one single reflection. This phenomenon made us
think to define the attenuation index as the relation-
ship between AareasB under the reflected pulse in-
stead of its definition using the maximum amplitude
of the first 1 1r2 period. We could not make profiles
very close to the machines because these reflections
appear at the same time that the first reflection from

Fig. 5. One of the corridors of the factory showing the machinery.
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Žthe floor surface we moved our antenna with a skate
.at 25 cm distance from the floor . This was one more

determining factor in the selection of the integration
limits: we wanted to take information very close to
the machinery but without the influence of these
lateral reflections. So, if we wanted to pass near the
machines, we had to select the shortest integration
limit we could, but long enough to be representative
of the pulse reflected on the floor.

The attenuation index will give positive values in
cases that examine concrete which has a significantly
higher porosity than the reference sound concrete. In
this study, we accept that high porosity means dete-
rioration so we can expect positive values from
degraded zones. We would like to point out the
necessity of careful interpretation of the curves; the
presence of local reflectors can mask reflections of
the concrete. For example, when the antenna passes
over a cable or a metallic plate, the automatic pro-
gram plots its effect as a large diminution in the
attenuation index, but obviously, it has no connec-

Fig. 6. Example of scan recorded. The highlighted line is the
reflection from the top of the floor.

Fig. 7. Integrated lap considered in the calculation of the attenua-
tion index.

tion with the porosity of concrete. We also have
found systematic sine curÕe variations of 0.1–0.2
dB along all the profiles we made; these oscillations
seem to be caused by the transversal girders inside
the floor and also to the effect of concrete rebars.

4. Work field and results

Ž .The fieldwork, 21 radar lines Fig. 4 , was carried
out in 1 day, without obstructing the factory produc-
tion process. This was organised in 2–3 profiles of
20 m in each corridor trying not to pass too close to
the machinery in order to prevent lateral reflections.
The spillage of chemical liquid onto the floor of the
corridors started at 10 m of the profiles, but it was
not homogeneous along the whole length of them
nor in all of them.

The radar line P7 is shown in Fig. 8. This line
passes near where a core sample had been taken
which showed a concrete porosity of 25%. The core
was situated close to 12 m and in this area, one of
the biggest attenuation indexes was detected. It is
necessary to pay attention to some systematic local
lows that appear all along the graph; it was possible
to associate most of them with the presence of
girders situated transversely to the movement of the
antenna. Girders crossed radar line at 1.5, 4, 6.5, 11,
13.5, 16 and 19 m, and the presence of some, but not
all of them, are distinguishable in the graph.

Before crossing 9.5–10 m, the attenuation index
stays close to zero dB, i.e., with similar reflection
coefficient to that of sound concrete. After crossing
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Fig. 8. Attenuation curve of a corridor with evidence of concrete degradation from 10 m; the core drill sample extracted at 12 m had a
porosity of 25%. At 1.5, 4, 9, 13 and 19 m, there is local diminution of the attenuation index caused by crossing over transversal girders.

10 m, it is possible to appreciate a global tendency of
the curve to increase until 0.5 dB of attenuation
index, which indicates an increase of porosity from
this point until the end of the profile. The simplicity
of the model used does not allow for an accurate
estimation of the porosity of concrete at these points,
but it permits to give a semi-quantitative idea of
which zones of the concrete appear to be affected by
the spillage. In order to give an idea of the sensitivity
level of the measurement process in relationship with
the attenuation index, the theoretical evolution of the
porosity of a concrete with a very homogeneous
internal structure and with typical parameters: poros-
ity ps5% and permittivity ´

Xs6.25, applying ther

three formulas used in this study, give the following
values:

For AI s 1 dB ™ ´
X s 4.1 ™ p s 23.8%r

Ž . Ž . Ž .Wienner , ps34.7% Hara , ps28.7% BHS
For AI s 0.5 dB ™ ´

X s 5 ™ p s 14.6%r

Ž . Ž . Ž .Wienner , ps21.4% Hara , ps18% BHS
For AI s 0.1 dB ™ ´

X s 5.95 ™ p s 6.9%r
Ž . Ž . Ž .Wienner , ps8.6% Hara , ps7.7% BHS

Fig. 9 is the attenuation graph of radar line P11.
The core sample taken near 12 m had a porosity of
15%, while attenuation index is about 0.5 dB after
9–10 m. If we compare the results of the attenuation
index graphs with the porosity of the two core drill
samples extracted near P5 and P11, we find AIs1
dB in the zone where a sample of 25% porosity had
been taken, and AIs0.5 dB in the zone where a
sample of 15% porosity had been taken. Wienner
formula appears to give a good prediction of porosity
in this study, but we are sure that the internal
structure of the floor is more complex than the
model that we used. We believe this model points
out changes in porosity because they are quite large
Ž .0.5 dB and they appear over large intervals in some
of the radar lines made in the corridors, which allow

Fig. 9. Attenuation curve of a corridor with evidences of concrete degradation from 10 m. The effect of transversal girders is distinguishable
only at 1.5 and 9 m.
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Fig. 10. Attenuation curve of a corridor without signs of large concrete degradation. Index diminutions of 3.5–4 and 9 m are due to the
presence of a metal plates and a set of cables.

us to recognize its global effect in the reflected
pulses over the local effect of girders and rebars. The
graph of radar line P11 shows a response very

Ž .similar to line P5 Fig. 8 but seems to have less
influence because of transversal girders. The change
of the properties of concrete before and after 10 m is
clear, with a typical value of about 0.5 dB of attenua-
tion index for the last 10 m, which would mean a
porosity in the order of 15% based on the informa-
tion of the core sample of 12 m.

Not all the corridors of the factory seem to be
affected equally by the spillages. Radar line P14
Ž .Fig. 10 is an example of the graphs obtained in

these corridors, where no evidence of high degrada-
Žtion was found along the corridor the effect of

crossing a metal plate and a group of cables appear
.in 3.5–4 and 9 m, as graph decreases . The system-

atic oscillations of 0.1–0.2 dB are also present in the
graph, but there is no global increase of the curve,
which could be related with large porosity changes.
We honestly cannot confirm that there is no porosity
increase in these corridors because it would be in the
order of 0.1–0.2 dB, the same as the systematic

Žvariations detected, but porosity increase— if it ex-
.ists —would not be so high as in the other corridors.

Finally, we summarize the results obtained in this

Ž .Fig. 11. Plan-view map of the factory hall showing the areas where attenuation index is in the order of 0.5 dB ^^^^^^^ and close to 1 dB
Ž .qqqqq .
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study in Fig. 11, which is a plan-view map of the
factory showing the global evolution of the attenua-
tion index obtained.

5. Conclusions

The present work proposes a simple method for
the study of concrete deterioration in a factory floor.
In this case, deterioration appears as an increase in
concrete porosity, which can be detected studying
the reflection coefficient of the air–concrete inter-
face.

The concrete was isolated from spillages some
years ago, hence, it was possible to accept it as being
dry. In this situation, concrete impedance mainly
depends on permittivity variation due to porosity
changes, and permittivity decreases if porosity in-
creases. So, it is possible to expect a diminution of
the reflection coefficient of the air–concrete inter-
face in degraded areas.

The method was applied to areas in which two
core drill samples had been extracted, showing dif-
ferent responses in the reflection coefficient depend-
ing on core porosity. So, a comprehensive study was
carried out, detecting degraded areas of the factory
floor.
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