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Abstract

Remote monitoring of the deterioration process of concrete dams has been studied by using radar to measure laboratory-size concrete

specimens. The specimens represent five different physical conditions of deteriorating concrete dams. The investigation includes the

manufacturing and the radar measurements of the specimens, and the implementation of signal processing schemes for generating two- and

three-dimensional imagery of the specimens. The change in the radar signals that resulted from the specimens is related to the condition

change inside the concrete. The results have shown the feasibility of using radar for monitoring the condition change inside concrete dams

from a distance. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Deterioration in concrete severely affects the service life,

safety, and maintenance costs of concrete structures. Crack-

ing, in particular, is one of the major factors contributing to

the deterioration of concrete. Cracks exist in concrete even

before the structure is subjected to any external loading. An

excessive water±cement ratio, improper curing, and crea-

tion of high temperature during the hardening process may

result in shrinkage, which is the direct cause of cracking.

This is especially critical for large concrete structures such

as dams due to the placement of massive concrete during

construction. Those cracks, which exist in concrete at early

stages, later expand and widen during service conditions

after hardening. The intrusion of moisture contributes to

crack propagation. This deterioration is further accelerated

by freeze and thaw cycles and hydraulic fracture due to the

presence of water. Deterioration mechanisms in concrete

systems also include the failure of interfacing between

concrete and other materials, and the fracture of concrete

due to the excessive tensile stresses that arise from a

corrosion of steel reinforcement. The focus of discussion

in this paper is on the condition monitoring of concrete

dams, which have no steel reinforcement.

Demand for the development of reliable nondestructive

testing (NDT) techniques for concrete structures is ever

increasing due to the growing concern about the deteriorat-

ing condition of infrastructures worldwide [1]. In 1984,

some 2900 nonfederal dams in the United States were

declared unsafe [2]. There are numerous examples of

sudden and complete failure of dams while in service or

failures of substructures of dams, such as gates, valves, and

piers [3]. Effective NDT techniques are needed in order to

assess the condition of existing concrete dams accurately

before any replacement or rehabilitation action are taken.

Inspections of dams are made at intervals dependent on dam

classification, but they are usually done at least every 2

years. These inspections are generally limited to a surface

examination of the dam, but may involve core sampling and

concrete testing as well [4].

Up to the present, the radar method has generally been

applied to the NDT of bridge decks and pavements in the

infrastructure [5±7] in combination with other NDT meth-

ods. There have been exploratory studies on the viability of

the radar method for NDT of the structural elements of

concrete structures [8±10]. However, the technology is still

too premature for the radar method to be used for massive

concrete structures such as large dams. The probing of

concrete dams requires a high-performance radar system

and sophisticated problem-solving approaches. The success

of the radar method as an NDT technique for concrete dams

depends on the development of proper hardware and soft-
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ware systems. It is also essential to view concrete as a

material with electromagnetic properties and to study elec-

tromagnetic wave propagation through concrete [11]. The

technique presented in this paper is intended to serve as a

valuable aid in the inspection of concrete dams.

In this paper, the feasibility of using radar for the NDT of

concrete dams is examined through radar measurements of

laboratory size concrete specimens.

2. Deterioration scenario of a dam and concrete models

A concrete dam can have variable thickness and is

always in contact with water on one side, while the other

is usually exposed to air. An initially sound concrete dam

can develop cracks during its service life, as described

earlier. These relatively small size cracks will eventually

become wider and can develop into holes or delaminations.

Fig. 1. Five concrete specimens representing five deterioration states of a dam. Dimensions of width and depth are shown. All specimens are 304.8 mm

in height.
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To complicate the matter, the intrusion of water from one

side of a dam will moisturize the dam and eventually fill any

cracks, holes, or delaminations inside the dam. Thus,

enlarged cavities can form, presenting a safety problem

for the dam.

In this work, it is suggested that, by using radar, such

condition change in concrete dams can be detected. Radar

transmits electromagnetic waves, which are reflected back

whenever there is an impedance mismatch. Each material

has its own impedance; for example, 1 is for air and 4±22

for concrete [10]. Thus, by examining this impedance

mismatch, a boundary between different materials or an

inclusion within a body can be detected using radar. As the

sensitivity of a radar system increases, any small change in

impedance can be discriminated. However, as an energy

loss occurs during the travel of the electromagnetic waves

inside a material, such as concrete, detection capability is

in reality limited.

To investigate the detectability of such condition change

inside a dam, a simplified deterioration scenario is estab-

lished as a basis for measuring the difference in response

between defective and sound concrete. The deterioration

scenario is given as follows: (i) there exists a sound concrete

dam, which is represented by a 304.8 mm (width)� 304.8

mm (height)� 101.6 mm (thickness) dry plain concrete

block model in Fig. 1a; (ii) a hole created inside the concrete

represents the onset of deterioration in Fig. 1b; (iii) a

delamination is developed inside the dam, which is repre-

sented by a 254 mm (W)� 304.8 mm (H)� 25.4 mm (D)

delamination at a 50.8 mm depth from the surface of the

block in Fig. 1c; (iv) the dam is now moisturized due to the

intrusion of water, which is represented by a wet concrete

block having the same delamination filled with air in Fig.

1d; and, finally, (v) the delamination is filled with water

over a period of time inside the wet concrete in Fig. 1e.

Physical states of concrete specimens corresponding to

each step in the deterioration scenario are illustrated in Fig.

1. Five concrete specimens, which represent each step of the

deterioration, are manufactured for radar measurements. The

specimens were cast with a water/cement/sand/coarse aggre-

gate mix ratio of 1:2.22:5.61:7.12 (by weight). Type I

portland cement was used. Coarse aggregates had a max-

imum size of 38.1 mm. After being cast, the hardened

concrete specimen was placed into water for 7 days for

curing. Depending on the measurement condition, dry speci-

mens were air-dried in ambient temperature and humidity,

while wet specimens were placed in water for 2 months

before the measurements. The uniaxial compression

strength of the dry specimen was 21 MPa at 28 days. Radar

measurements were made 2 months after casting. Specimens

1d and 1e in Fig. 1 were submerged into water for 2 months

prior to measurements to ensure that the entire specimen

was moisturized. Water was taken out of the delamination

from specimen 1d in Fig. 1 to have solely air-filled dela-

mination, while the delamination inside specimen 1e in Fig.

1 was filled with water before the measurement.

3. Use of radar and measurement setup

The use of radar to monitor condition change inside

concrete dams or specimens is based on the principle that,

at the boundary between two media, an impedance mis-

match occurs causing part of the energy to be reflected

from the material and the rest of the energy to be

transmitted through the material. This interaction permits

a nondestructive inspection of the material's interior for

property determination and the detection of anomalies.

The mathematical expressions of the reflected wave can

be written as (Eq. (1))

RTE �
������
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where RTE is the reflection coefficient for perpendicular

polarization or Transverse Electric (TE). er1 is the dielectric

constant for medium 1 (for air, er1 = 1), er2 is the dielectric

constant for medium 2 (for concrete, er2 = 4±22), qi is the

angle of incidence, and qt is the angle of transmission, as

shown in Fig. 2.

A radar system used for the measurements generates a

stepped frequency gated continuous wave, which sweeps

frequency from starting frequency to ending frequency by a

Fig. 2. Radar measurement setup.
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given increment at an incident angle. In this work, the

frequency range was from 3.4 to 5.8 GHz with an increment

of 0.1 GHz. This gave a range resolution of 62.5 mm in air

and improved resolution inside dry and wet concrete speci-

mens based on Eq. (2):

rr in concrete �
c���
er
p
� �

2B
�2�

where rr is the range resolution, c is the speed of light

(c = 3.0� 108 m/s), er is the dielectric constant of concrete,

and B is the frequency bandwidth of incident waves. The

range resolution is the ability to distinguish between closely

spaced objects in the direction of wave propagation. The

dielectric constant is a real part of a complex permittivity,

which determines how much electromagnetic energy is

stored. For dry and wet concrete specimens, the dielectric

constants are known to be 4.5 and 8 in the 3.4±5.8 GHz

frequency range, respectively [10]. These values give a

resolution of 29.5 mm for dry concrete specimens and 22.1

mm for wet ones, respectively. The specimen is placed

vertically as a target at the top of a styrofoam tower (Fig. 3).

The radar is located 14.4 m away.

The incident wave generated by the antenna of an Inverse

Synthetic Aperture Radar (ISAR) system is a stepped

frequency continuous wave. It has a pulsewidth of 20 ns

and power of 30 dBm. The antenna transmits the waves

from a starting frequency of f1 to an ending frequency of f2
by a frequency increment of 0.1 GHz. Thus, the frequency is

swept from f1 to f2 at different time steps.

The purpose of using ISAR is to generate crossrange

imagery. ISAR techniques have been used to produce target

images for objects on rotating platforms, for satellites

rotating in orbit, and even for ships at sea, which roll

rhythmically on the sea surface [12]. There are three major

measurement parameters to be considered prior to ISAR

measurements: center frequency ( fc), the frequency band-

width (B) of incident waves, and the rotational angle Dqrad

of a target. These three parameters determine range and

crossrange resolutions. The crossrange resolution, rxr is

determined by Eq. (3):

rxr in concrete �
c

fc
���
er
p

� �
2�Dqrad� �3�

The crossrange resolution is an ability to distinguish

between closely spaced objects in the direction perpendi-

cular to the direction of wave propagation.

4. Signal processing scheme

Upon radar measurements of concrete specimens, sets of

raw data are collected, which contain information on the

returned signals from the concrete targets. By processing the

raw data, one- and two-dimensional imagery can be

obtained.

The reflected wave is collected in frequency by the same

antenna. The measured data have information on aspect

angle, frequency, and amplitude (Table 1). Each entry in the

Fig. 3. Reflection and transmission of a perpendicular-polarized (TE) plane wave at a dielectric boundary shown on the x± z plane (the plane of incidence). The

electric field E is in the y direction.
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data records the amplitude and phase change of the signal

received at each frequency.

To generate one-dimensional imagery, sweeping fre-

quency measurements are made at a normal incident angle.

Table 1

A sample data from ISAR measurements

VV polarization HH polarization

Aspect angle (°) Frequency (MHz) Amplitude (dBsm) Phase (°) Amplitude (dBsm) Phase (°)

0.00 3400 ÿ 9.84 ÿ 88.91 ÿ 9.67 ÿ 82.23

0.00 3500 ÿ 9.69 ÿ 71.39 ÿ 9.11 ÿ 68.10

0.00 3600 ÿ 9.34 ÿ 54.21 ÿ 9.06 ÿ 54.16

0.00 . . . . . . . . . . . . . . .

0.00 5800 ÿ 8.46 26.47 ÿ 8.37 29.19

Fig. 4. (a) Two-dimensional plot of the 1D measurements of a 304.8� 304.8� 101.6 mm dry concrete block at 3.4± 5.8 GHz. (b) Three-dimensional plot of the

2D measurements of a 304.8� 304.8� 101.6 mm dry concrete block at 3.4±5.8 GHz.
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To generate two-dimensional imagery, sweeping frequency

measurements are made from ÿ 10° to + 10° angles. In

both cases, the received signals in frequency are multiplied

by a window function and then inverse Fourier transformed

to obtain an image in a time domain [13].

5. Results and discussion

Results of radar measurements on five concrete models

are presented in Figs. 4±8. In all figures, two-dimensional

images are shown in part a of the figures, and three-

dimensional images are shown in part b of the figures,

respectively. The imagery obtained by radar is different

from that seen by human eyes. By rotating the specimen

for 20 degrees while using the ISAR, three-dimensional

imagery is generated, as in part b of the figures. Three-

dimensional figures provide the overall imagery. Two-

dimensional figures are made by selecting data at a 0°
incident angle. Thus, normal incident angle measurements

are shown in part a of the figures.

In Fig. 4, sound plain concrete is imaged. The front

surface is clearly seen in both Fig. 4a and b. The magnitude

of the lobe (peak) from the front surface is much higher than

that of the lobe from the back surface, as there is much

attenuation of the waves traveling through the 101.6-mm

Fig. 5. (a) Two-dimensional plot of the 1D measurements of a 304.8� 304.8� 101.6 mm dry concrete block with three 12.7-mm-diameter holes at a depth of

50.8 mm. (b) Three-dimensional plot of the 2D measurements of a 304.8� 304.8� 101.6 mm dry concrete block with three 12.7-mm-diameter holes at a depth

of 25.4 mm.
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thickness of the specimen. The frequency range of 3.4±5.8

GHz is adequate for concrete thickness detection and con-

dition change monitoring. Small lobes in the ÿ 0.8 to + 0.8

m range are due to noise from radar measurements and

signal processing. As this noise level increases, it becomes

difficult to identify the reflections from the boundaries of

the two different media.

A change in the returned signal is noticed in Fig. 5. The

peak corresponding to back surface near 0.28 m in the range

direction in Fig. 4a is now disappeared in Fig. 5a. Due to its

small size, the initiation of a 12.7 mm diameter hole is not

great enough to be detected. However, the reflected signal is

changed from Fig. 4, an alarm that marks the beginning of

the deterioration process. Any NDT method has its range for

optimum detection. It depends on the physical condition of

the target, as well as the sensitivity of the measurement

system. With the radar measurement set-up used in this

experiment, it is possible to detect condition change. This

finding of difference in returned signal is quite feasible as

long as there are reference data available.

In Fig. 6, as the hole is widened and becomes delami-

nated, the existence and location of the delamination is

positively identified. This distinct appearance of the dela-

mination peak is due to the great reflection coefficient at the

Fig. 6. (a) Two-dimensional plot of the 1D measurements of a 304.8� 304.8� 101.6 mm dry concrete block with a 25.4-mm-thick delamination at a depth

of 50.8 mm. (b) Three-dimensional plot of the 2D measurements of a 304.8� 304.8� 101.6 mm dry concrete block with a 1-in.-thick delamination at a

depth of 2 in.
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concrete/air boundary at the beginning of the delamination.

In Fig. 6a and b, the second peak is smaller than the first

peak from the front surface of the concrete. There are also

some changes in the smaller lobes in addition to the front

surface and delamination in Fig. 6. The reflected signals are

disturbed as the wave propagation and reflection pattern

become more complicated in the sound concrete; this means

that there is an inclusion.

After the moisturization of the concrete block, reflec-

tion from the delamination decreases due to the increased

loss in the wet block. This phenomenon is shown as a

decreased peak in Fig. 7. This illustrates the difficulty of

detecting objects inside wet concrete. The detection of a

water-filled delamination is not possible quantitatively, but

it is possible qualitatively. The propagation of electro-

magnetic waves is governed by Maxwell's equations. A

plane wave propagation along a z direction (Fig. 3) is of

the form [14]

E0eÿjk�z z�jwt �4�
where EÅ is the electric field vector, yÃ is a unit vector in

the y direction, which is perpendicular to the direction of

wave propagation (or it can be xÃ if in the x direction), is

the initial amplitude of the wave's electric field, and kz * z

is the complex wavenumber in the z direction. If only the

spatial term in Eq. (4) is considered and the complex

Fig. 7. (a) Two-dimensional plot of the 1D measurements of a 304.8� 304.8� 101.6 mm wet concrete block with a 25.4-mm-thick delamination at a depth of

50.8 mm. (b) Three-dimensional plot of the 2D measurements of a 304.8� 304.8� 101.6 mm wet concrete block with a 25.4-mm-thick delamination at a depth

of 50.8 mm.

EÅ=yÃ
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wavenumber is replaced with its real and imaginary parts,

Eq. (4) becomes

/ eÿjk�z z �5�
/ eÿjk0zzeÿk�z z

where kz* z = kz
0zÿ jkzz. The second term [Eq. (5)]

represents the amplitude loss of the electric field with

distance (in the z direction) due to material attenuation.

More concisely, Eq. (5) can be written as

E / eÿk 00z z �6�

if only considering amplitude loss. The loss is exponential

in nature as kz increases. k is the imaginary part of the

complex wavenumber. For dielectric materials with low

conductivity, it is approximated as [Eq. (7)]

k 00 � s
2

�����
m0

e0

r
�7�

k is often termed as the attenuation coefficient. It

determines the amplitude loss of the wave in a dielectric

material and changes as a function of conductivity and

the real part of the complex permittivity, which in turn

changes as frequency changes. The significance of the

Fig. 8. (a) Two-dimensional plot of the 1D measurements of a 304.8� 304.8� 101.6 mm wet concrete block with a 25.4-mm-thick delamination filled with

water at a depth of 50.8 mm. (b) Three-dimensional plot of the 2D measurements of a 304.8� 304.8� 101.6 mm wet concrete block with a 25.4-mm-thick

delamination filled with water at a depth of 50.8 mm.

EÅ

EÅ

H.C. Rhim / Cement and Concrete Research 31 (2001) 363±373 371



attenuation coefficient for nondestructive evaluation is

that its inverse is a penetration depth of the wave in a

dielectric medium.

As the last step in the deterioration scenario, the

delamination is now filled with water. The delamination

is visible again due to the strong reflection from the water

filled inside the delamination in Fig. 8. Where the

physical dimensions of the interface or anomaly are small,

the target-scattering loss increases owing to the geometry

of the situation, and the returned signal becomes smaller.

Under some conditions, the physical dimensions of the

anomaly are such as to create a resonant structure which

increases the level of the return signal and decreases the

target-scattering loss. It is possible to distinguish air-filled

delaminations and water-filled delaminations by examina-

tion of their resonant characteristics and the relative phase

of the reflected wavelet. Water has a relative dielectric

constant of 81, which will serve to reduce the resonant

frequency, and this variation may be the means of

identifying water-filled delaminations.

Many of the targets being searched for by radar

methods are nonmetallic, so their scattering cross-section

is dependent on the properties of the surrounding dielec-

tric medium. Where the relative permittivity of the target

is lower than that of the surrounding medium, such as an

air-filled delamination below concrete, the interface does

not produce a phase reversal of the backscattered wave.

Conversely, when the scattering is caused by a metallic

boundary or where the relative permittivity of the target is

larger than the surrounding medium, phase reversal occurs

in the backscattered wave [15]. The physical shape of the

target will influence the frequency and polarization of the

backscattered wave, and can be used as a means of

preferential detection. The effect of the high permittivity

of moisturized concrete dam means that some targets,

such as water-filled delaminations, produce a stronger

radar return when buried than when in free space. In

such circumstances, the radar is responding primarily to

the dielectric properties of the enclosed volume (i.e., the

water- or air-filled delamination).

When an obstacle is illuminated by an electromagnetic

wave, energy is dispersed in all directions. The type of

target being sought (i.e., a sphere, a linear target, or an

interface) affects the choice of antenna type and config-

uration, as well as the kind of signal-processing techni-

ques, which may be employed. In addition, the spatial

distribution of energy depends on the size, shape, and

composition of the obstacle, and on the frequency and

nature of the incident wave [16]. As a result, the

detectability of holes and delaminations can be deter-

mined by their size and location from surface. A concrete

dam subject to deterioration can be monitored periodi-

cally by radar, with any changes in the returned signal

indicating the presence of abnormalities. Similar applica-

tions of the method will effect a periodic quality control

of existing structures.

6. Conclusion

This paper is directed towards the experimental verifica-

tion of novel ideas concerning the use of radar in the

condition monitoring of deteriorating concrete dams. The

experiments are based on the principle that changes asso-

ciated with a dielectric constant are shown in the reflected

waves returning from concrete targets.

It is concluded that a condition monitoring of a concrete

dam over a certain period is possible as described above

because a change in the reflected signal represents a quality

change inside the dam. Based on this principle, practical

techniques can be developed for the condition monitoring of

concrete dams and the detection of subsurface condition

changes using radar.
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