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Ground penetrating radar (GPR) has been widely used for nondestructive testings in civil engineering. However, the GPR has not
been adequately applied in detecting deeply embedded reinforcing bars, which is usually difficult to be revealed in radar image due
to the wave interference and attenuation in large depth penetration. ,is study presents a new approach for the GPR detection of
deeply embedded reinforcing bars in the reinforced concrete pile foundation. ,e aim of the GPR survey is to determine the
existence and the depth of internal reinforcing bars in the pile foundation for solving engineering dispute. Low centre frequency
antenna was used in GPR field testing to obtain the reflected raw data. Optimized procedures of digital filtering techniques were
applied to process the GPR raw data. ,e deeply embedded reinforcing bars are revealed in the radar image after the field testing
and postprocessing procedures. ,e depth of the reinforcing bars was estimated based on the hyperbola match method. ,e GPR
test results were validated by the excavation of the pile foundation. ,e low centre frequency antenna has been found to be
essential to obtain the reflected wave signals of deeply embedded reinforcing bars. ,e optimized processing procedures is useful
to identify and display the reinforcing bars in radar image. ,e combination of low centre frequency antenna and the post-
processing procedures make the detection of deeply embedded reinforcing bars feasible. ,e proposed GPR testing method has
been found to be effective to estimate the depth of deeply embedded reinforcing bars, which provides the key information for
solving engineering dispute.

1. Introduction

Ground penetrating radar (GPR) is a high frequency elec-
tromagnetic wave technology, which was initially used in the
geophysical engineering for shallow subsurface investiga-
tions. Two antennas are usually used to emit and receive
electromagnetic wave signals. ,e electromagnetic wave
signals are transmitted by the emitting antenna to propagate
into the inspecting medium. Some of the emitted wave
signals are scattered and reflected during the propagation in
the inner space of the inspecting medium. Reflections of the
wave signals often occur at the interfaces of two materials
with different electromagnetic properties. ,e remaining
wave signals continue to propagate towards the deeper space
of the medium. ,e reflected wave signals are recorded and
amplified by the receiving antenna. Different wave traces can

be obtained with the information including two-way
propagation time, wave frequencies, and amplitude char-
acteristics. By processing and analysing the received wave
signals, the buried objects in the inspecting medium can be
revealed in the radar image. Hence, the information of the
buried objects can be obtained in a nondestructive and
noninvasive way.

As a popular nondestructive testing technology, the GPR
has been widely used in civil engineering for inspecting and
diagnosing concrete structures during the last three decades
[1].,e GPR has been used to investigate the thickness of the
bituminous pavement [2], bridge reinforcements and tunnel
lining [3, 4], location of steel bars in reinforced concrete
(RC) members [5–7], location of voids and cracks in con-
crete members and concrete foundation [8, 9], the thickness
of concrete cover in reinforced concrete members [10], size
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of reinforcing bars [11, 12], and corrosion of reinforcing bars
[13, 14]. ,e GPR applications in concrete structures have
been reviewed by Wallace [1] and Bungey [15].

,e GPR detection of reinforcing bars focused on the
shallow embedded reinforcing bars, which were located
near the surface of concrete members, usually not ex-
ceeding 0.3 m. However, reinforcing bars are buried in
deep position in some circumstances. ,e GPR has not
been reported to detect the deeply embedded reinforcing
bars. Some difficulties may arise in this case. ,e wave
signals can be partially reflected due to the objects above
the reinforcing bar. ,e reflection of the above objects
minimizes some of the radar waves propagating into the
deeper space of the inspecting medium. Also, the reflected
wave signals of the reinforcing bars are weakened due to
the loss and attenuation in the process of large depth
penetration. ,e unfavorable condition can mask the GPR
detection results of the deeply embedded reinforcing bars
and make the interpretation of the results significantly
difficult. Due to these difficulties, the GPR has not been
adequately used to detect deeply embedded reinforcing
bars in RC structures.

,is study presents a new approach of the GPR to detect
the deeply embedded reinforcing bars in a RC pile foun-
dation. ,e new approach involves GPR field testing, pro-
cessing of GPR raw data, and validation of the GPR detection
results. ,e study shows that the new approach is effective in
detection of the deeply embedded reinforcing bars.

2. The GPR Testing of RC Pile Foundation

Large diameter pile foundations are one of the most im-
portant underground structures that are widely used in high-
rise buildings. ,e GPR has been used to determine the
length of pile [16], the buried footings, as well as concrete
foundation elements [17] and the inclination of pile foun-
dation [18]. However, the GPR application of detecting the
reinforcing bars in the pile foundation has been limited. ,e
examination of internal reinforcing bars in the pile foun-
dation is necessary after construction, which has tradi-
tionally been carried out by drilling and excavating as
intrusive investigations with the limitation of considerably
expensive and time-consuming. It also causes some degree
of damages to the structure. Moreover, only discrete data can
be obtained by the intrusive investigation. In order to avoid
the damage to the structure and obtain continuous in-
spection results, the proper use of the GPR is essential. ,e
use of the GPR could minimize the cost for repair, in-
spection, and maintenance of the structure.

,e reinforcing bars should be exposed on the surface of
the pile foundation after construction, as shown in
Figure 1(a), showing the detailed information of rein-
forcements for postconstruction inspection. However, in
some cases, the protruding reinforcing bars could be dif-
ferent from the original design requirement, or some of
reinforcing bars could be even missing due to the poor
management of construction. Figure 1(a) shows the normal
pile foundation after construction, where the reinforcing
bars can be seen on the surface of the pile foundation for

postconstruction inspection. In contrast, Figure 1(b) shows a
problematic pile foundation, where reinforcing bars are
missing on the surface of the pile foundation. ,e prob-
lematic pile foundation needs to be investigated to confirm
the existence of the internal reinforcing bars. ,e infor-
mation of the internal reinforcing bars is very important for
solving the engineering dispute between the construction
unit and the supervision unit. ,e dispute between the two
units focuses on whether the reinforcing bars are used or not
in the construction process. ,e GPR testing could provide
the information of the internal reinforcing bars for solving
the engineering dispute and help to make decision of further
treatment of the problematic pile foundation.

In this study, a new approach of the GPR detection of
deeply embedded reinforcing bars in the pile foundation is
presented. ,e approach involves the GPR field testing,
postprocessing procedures, and validation of the GPR
testing results. ,e GPR field testing of the RC pile foun-
dation was performed by using low centre frequency an-
tenna. ,e GPR raw data were obtained, which is processed
by using the optimized procedures of digital filtering
techniques. A nonintrusive hyperbola match method was
used for the estimation of the wave velocity in the pile
foundation. ,e time-depth conversion of GPR image was
performed based on the estimated wave velocity. ,e esti-
mated depth of the reinforcing bars is validated by exca-
vating the pile foundation. It has been demonstrated that the
new approach of GPR testing is effective in the detection of
the deeply embedded reinforcing bars. ,e validated in-
formation of the deeply embedded reinforcing bars is used
for solving the engineering dispute by demolishing the pile
foundation partly and recasting.

3. Theory and Methods

3.1. GPR(eory for Evaluation of RC Structure. ,e purpose
of GPR detecting of RC structure is to obtain the infor-
mation of internal reinforcing bars and concrete materials.
,e information of internal reinforcing bars includes the
position, the cover length, and the size of bars. ,e cover
length of the reinforcing bars is equal to the depth of the
embedded bars in concrete materials. ,e depth estimation
of reinforcing bars is influenced by the wave propagation
velocity in the inspecting concrete medium. ,e velocity of
electromagnetic waves in the solid medium can be expressed
as

v �
c

�����������������

εrμr 1 +

�����

1 + η2


/2 

 ,
(1)

where v is the wave velocity in the inspecting medium, c is
the constant value of wave velocity in the vacuum
(c ≈ 30 cm/ns), and η is the loss factor. Concrete is con-
sidered as a low loss and a nonmagnetic material. ,e
relative magnetic permeability (μr) of concrete is 1. For low
loss materials, the loss factor, η, is equal to 0. Substituting the
two parameters (μr � 1, η � 0) into equation (1), the wave
velocity in concrete material can be simplified as
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v �
c
��εr

√ , (2)

where v is the wave velocity in concrete medium. From
equation (2), the wave velocity in concrete material depends
on the relative dielectric permittivity (εr) of the concrete
material. ,e wave velocity is inversely proportional to the
square root of the relative dielectric permittivity and de-
creases with the increase in the relative dielectric permit-
tivity. Table 1 provides the electromagnetic parameters of
construction materials. ,e relative dielectric permittivity is
1 for air and 81 for fresh water. ,e relative dielectric
permittivity of concrete materials typically lies between 4
and 20, depending on the moisture content, ambient tem-
perature, and the wave frequency. ,e wave velocity in the
concrete medium lies between 6.7 cm/ns and 15 cm/ns. ,e
concrete with higher moisture content possesses lower wave
velocity.

,e energy of the electromagnetic wave is reduced
during the penetration because of the wave attenuation. ,e
attenuation influences the penetration depth. ,e wave
attenuation is influenced by the effective electrical con-
ductivity, dielectric permittivity, and wave frequency. ,e
attenuation increases with the increase of the wave fre-
quency, moisture content, and dissolved salts. ,e attenu-
ation is proportional to the electrical conductivity. High
attenuation occurs in the medium with high electrical
conductivity, such as steel and other metals.,e larger depth
penetration is only possible in the condition of lower wave
frequency.

,e GPR has a broad range of frequency components
typically in the range of 10–5000MHz. ,e GPR wave with
different centre frequencies provides different capabilities of
penetration depth and scale. ,e penetration depth of the
GPR is influenced by the centre frequency of the wave
signals, electrical conductivity of the medium, and the wave
attenuation. In low loss materials, the detectable depth in-
creases as the wave frequency decreases, while high centre
frequency radar waves yield a reduced penetration depth.
Electromagnetic waves in low centre frequency enable
detecting underground foundations in a large depth.

,e vertical resolution of the GPR depends on the
wavelength (λ) of the electromagnetic waves, as expressed in
the following equation.

λ �
v

f
, (3)

where v is the wave velocity in the inspecting medium, and f

is the centre frequency of electromagnetic waves. For a given
centre frequency, the detectable distance between two re-
flectors must be greater than half of the wavelength. ,e
vertical resolution increases as the centre frequency of radar
waves increases.

,e horizontal resolution depends on the antenna ra-
diation pattern, centre frequency of radar waves, depth of the
embedded target, and electromagnetic parameters (e.g., the
number of scans per second). ,e horizontal resolution can
be determined as

dh �

���

λdt



, (4)

Protruding bars

(a)

Detection route

(b)

Figure 1: Pile foundation after construction. (a) Normal case with protruding bars and (b) the test pile foundation.
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where dh is the detectable horizontal distance, and dt is the
actual depth of the embedded target in the concrete medium.

3.2. (e Formation of Hyperbolic Signature in Radar Image.
,e two-dimensional reflected radar images are used in
analysis for evaluation of RC structure after GPR field
testing. In the two-dimensional GPR scan (Figure 2),
electromagnetic waves propagate into the concrete host
medium in an elliptical cone with the apex of the cone at the
centre of the emitting antenna. ,is elliptical cone is usually
elongated parallel to the direction of the GPR scan along the
concrete surface. As shown in Figure 2, the energy radius of
GPR waves changes in different depths of the concrete
medium. ,e elliptical cone of the GPR detection indicates
that all objects inside the elliptical cone can be detected by
recording the reflected wave signals. However, when the
embedded object is outside of the elliptical cone, no reflected
signals of the object can be recorded. When the two-di-
mensional GPR scan is performed, the antenna moves along
the scan direction, which is orthogonal to the axis of the
reinforcing bar. Continuous GPR data are obtained, con-
sisting of wave traces in different amplitudes. Each of these
traces contains a series of waves that vary in amplitude. ,e
magnitude of the amplitude depends on the amount and
intensity of wave signals that are reflected at the interfaces of
the concrete host medium and the embedded objects.

Equation (5) estimates the energy radius in different
depths of the host medium [12], which is based on the
relative dielectric permittivity (εr), wavelength (λ), and
vertical distance (H) from the concrete surface to the given
depth.

E

2
�
λ
4

+
H

�����
εr + 1

 , (5)

where E is the energy footprint, which is the size of the
diameter of the energy area at the given depth, and E/2 is the
energy radius.

,e reinforcing bar is a cylindrical object buried in the
concrete members. When electromagnetic waves in the edge
of the elliptical cone propagate into the interface of the
concrete and the reinforcing bar, the reflected wave signals
of the reinforcing bar are recorded as from beneath the
antenna. ,e radar antenna always operates in conical
beams. ,e reflected wave signals can be recorded, even
though the antenna is not directly over the reinforcing bar.
Detected from a number of different angles, the reinforcing

bar is always recorded as if it were directly underneath the
location of each trace. ,e presence of the reinforcing bar is
revealed in radar image as the wave reflection with different
amplitudes in different traces. ,e different traces of the
received wave signals provide the characteristic hyperbolic
signature in radar image, which is considered as the evidence
of the existence of the internal reinforcing bar in the con-
crete host medium, as shown in Figure 3(c). ,e radar image
of GPR two-dimensional scan with different traces is shown
in Figure 3(b), which is created by the reflection of wave
signals that occurs on the boundary of the cylindrical object
with changing distance between the antenna and the object.

3.3. Mathematical Model of the Hyperbolic Signature. In the
two-dimensional GPR scan, the antenna keeps moving
straight in one-direction at the surface of the host medium.
,e distance between the antenna and the embedded
reinforcing bar is changing as the antenna moves. ,e lo-
cation of the antenna is described by two parameters: xi and
zi. ,e xi is the antenna position on the surface of the
concrete medium, and zi is the distance from the antenna
position xi to the boundary of the reinforcing bar, as shown
in Figure 3(a). For the simplicity in the calculation and to
reduce the complexity of the inversion problem of the wave
velocity, the reinforcing bar is simplified as a point reflector.
,e radius of the reinforcing bar is omitted in the mathe-
matical model of the hyperbolic signature. Also, the distance
between the emitting antenna and receiving antenna is
neglected. Based on these assumptions, the geometrical
relationship can be written as

z
2
i � z

2
0 + xi − x0( 

2
, (6)

where z0 is the distance from the antenna horizontal location
x0 to the boundary of reinforcing bar. ,e x0 is the hori-
zontal position above the reinforcing bar. ,e distance z0
represents the depth of the reinforcing bar which is equal to
the thickness of the concrete cover. ,e distances zi and z0
can be calculated by the product of the wave velocity and half
of the two-way propagation time, as in the following
equation.

zi � v
ti

2

z0 � v
t0

2

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

, (7)

Table 1: Electromagnetic parameters of construction materials [11].

Material Relative dielectric permittivity, εr Wave velocity, v (cm/ns) Relative conductibility, μr (S/m)

Air 1 30 10− 10

Freshwater 81 3.3 10− 4 ∼ 3 × 10− 2

Dry sand 3–6 12.2–17.3 10− 7 ∼ 10− 3

Cement 5 13.4
Gravel 6 12.2
Concrete 4–20 6.7–15
Plastic (PVC) 3.3 16.5 1.34
Iron 300 0 107 ∼ 1010
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where ti is the two-way propagation time between the an-
tenna location xi to the boundary of the embedded rein-
forcing bar. ,e t0 is the two-way propagation time between
the antenna location x0 to the surface of the embedded
reinforcing bar. Substituting the distances zi and z0 into
equation (6), the simplified hyperbolic equation can be
written as

ti

t0
 

2

−
xi − x0

vt0/2
 

2

� 1. (8)

,e GPR evaluation of the pile foundation focuses on
detection of the embedded reinforcing bar and estimating
the depth of the reinforcing bar. ,e size of the reinforcing
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T R
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T R
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T R

Scan
direction Surface
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r

Medium

xi
xi – x0

zi = υ∙ti/2 z0 = υ∙t0/2

x0

(a) (b)

Location on the surface (m)

Ti
m

e (
ns

)

(c)

Figure 3: ,e formation of hyperbolic signature in the radar image. (a) Geometrical characteristics of a buried reinforcing bar in concrete,
(b) radar wave traces, and (c) hyperbolic signature of the reinforcing bar.
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Figure 2:,e elliptical cone of GPR waves propagating into the inspecting medium. Note: T, transmitting antenna; R, receiving antenna; E,
energy diameter; E/2, energy radius; H, thickness of concrete cover.
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bar is not in the target of the GPR field testing. Hence, the
reinforcing bar is assumed to be a point reflector. ,e radius
of the reinforcing bar is assumed to be zero. ,e hyperbolic
model in equation (8) is based on the assumption of the
point reflector. Additionally, the inspecting concrete me-
dium is assumed to be a homogeneous material, and the
wave velocity in the concrete medium is considered to be a
constant. ,ese assumptions provide convenience in the
calculation process of the depth of the reinforcing bar. ,e
process becomes much easier due to the simplification of
zero radius reinforcing bar. ,e hyperbolic equation (8) can
be written as a function of t0, x0, xi, and v as

ti �

�������������

t
2
0 +

4 xi − x0( 
2

v
2



, (9)

where (x0, t0) is the peak coordinate of the hyperbolic re-
flection, which can be extracted from the first positive peak
amplitude of the hyperbolic signature in the radar image.
,e parameter ti is the longitudinal coordinate corre-
sponding to the horizontal coordinate xi. ,e model of two-
way propagation time in equation (9) is a standard equation
of a hyperbola.

3.4. Estimation of the Depth of the Embedded Reinforcing Bar.
,e depth of the embedded reinforcing bar is related to the
two-way propagation time t0, as expressed in the following
equation.

D � v
t0

2
, (10)

where D is the vertical depth from concrete surface to the
boundary of the embedded reinforcing bar. ,e key point in
the estimation is the determination of the wave velocity (v)

in the concrete host medium. Based on the assumption that
concrete is a homogeneous material, the wave velocity in the
concrete medium is considered to be a constant. ,e hy-
perbola match method is used to determine the wave ve-
locity. ,e problem of retrieving the wave velocity from the
GPR raw data has a unique theoretical solution that can be
obtained by data fitting of the hyperbolic curves, as in the
following equation.

t �

�������������

t
2
0 +

4 x − x0( 
2

v
2



. (11)

Equation (11) can be written as equation (12), as a
function of four parameters:

t � t x0, t0, v, x( . (12)

For determining the wave velocity, a set of data points
(xi, ti) can be extracted from the hyperbolic signature by
selecting only the first positive peak amplitude. ,e total
number of points is n. ,e square of the absolute error
related to the points (xi, ti) is given by

η2i � t − ti( 
2

� t x0, t0, v, xi(  − ti 
2
. (13)

To determine the unknown wave velocity by the least
mean square method, the fitness function is defined as



n

i�1
η2i � 

n

i�1
t x0, t0, v, xi(  − ti 

2
. (14)

By choosing continuous values of the relative dielectric
permittivity in the range of concrete materials (Section
3.1), different wave velocities can be obtained from
equation (2). As a result, hyperbolic curves corresponding
to the wave velocities can be generated from equation (11).
By minimizing the sum of square errors between the
hyperbolic curves and the set of extracted points, the wave
velocity in the concrete medium can be determined
according to equation (14). As a result, the depth of the
reinforcing bar can be estimated by the determined wave
velocity and the two-way propagation time, as expressed
in equation (10).

4. GPR Equipment and the Data
Acquisition Process

4.1. GPR Equipment. ,e RIS K2 FastWave radar system
manufactured by the IDS GeoRadar [19] was used to per-
form the two-dimensional GPR scan of the problematic pile
foundation. Multichannel and multifrequency antennas are
available in the RIS K2 FastWave radar system, which greatly
improved the accuracy and the clarity of the mapping. ,e
RIS K2 FastWave radar system is composed of digital an-
tenna driver (DAD) control element, antennas, notebook
computer, cables, battery, and software.

,e RIS K2 FastWave radar involves the signal launching
system, signal receiving system, signal conversion system,
and signal postprocessing system, as shown in Figure 4. ,e
signal launching and receiving systems are made up of
antennas, the DAD control element, and data acquisition
software, battery, and cables. ,e reflected electromagnetic
wave signals are transformed into digital signals in the DAD
control element and transmitted to the notebook computer
through the intranet. ,e postprocessing of the digital
signals is carried out using the processing software. Post-
processing procedures of the digital signals are described in
Section 5.

,e DAD control element is the core processing unit of
the radar system. ,e DAD control element activates
launching and recording radar wave signals and converts the
recorded wave signals into digital signals. ,e processing
software [20] is used to process the digital signals with the
function of visualizing, filtering, and analysing. All elements
are connected to the corresponding ports of the DAD
control element through cables. ,e connection of the DAD
control element is shown in Figure 5.

Antennas are named using the centre frequency of the
emitting electromagnetic waves. ,ree different types of
antennas are available for different depth penetration of the
inspecting medium. In this study, the TR80 antenna was
used with a lowest centre frequency of 80MHz, which can
detect 20–40 meters depth in rock material, as shown in
Figure 6. ,e TR80 antenna enables the large depth
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penetration in concrete material, which consist of two es-
sential antennas for launching and recording wave signals
during the GPR survey. In the GPR field testing of the pile
foundation, the two antennas are placed close to each other,
and the distance between the two antennas is neglected for
simplicity of analyse. Performance parameters of the GPR
equipment are given in Table 2.

4.2. Data Acquisition Process. ,e nondestructive GPR field
testing of the pile foundation follows seven steps, as shown
in Figure 7. Step 1 is running the data acquisition software.
After the radar system is connected by cables, by opening the
data acquisition K2 FastWave software in the notebook
computer, the radar system is activated.,e data acquisition
software is ready for use after the four indicators in the

Signal launching
system

Signal receiving
system

Signal conversion
system

The dad control element, antennas,
computer, K2 FastWave

software, battery, and cables

The dad control
element, battery,

and cables

Computer,
Greswin2
software

The gpr system

Signal processing
system

Figure 4: ,e GPR system.

(a)

Antenna port Wheel port

(b)

(c) (d)

Figure 5: ,e DAD control element and connections. (a) Battery and LAN port on the one side of the DAD control element, (b) antenna
port and wheel port on the other side of the DAD control element, (c) battery cable connected to the battery port, and (d) connection of the
power energy of a sealed lead acid battery.
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screen are displayed in green light. Also, the impulse of the
antenna is shown in the right corner of the screen, which
means the antenna is ready to work. Step 2 is the selection of
the driver of the antenna. Since different antennas have
different drivers, the driver of the antenna needs to be
specified in the software before the GPR survey. Step 3 is the
setting of the acquisition parameters. ,e acquisition

parameters need to be set right in the software before the
GPR field testing process. ,e parameters setting of the GPR
system is given in Table 3. Step 4 is the selection of the
detecting area. ,e two-dimensional GPR scan is performed
along the detection route above the problematic pile
foundation. Step 5 is the gaining calibration operation. In
order to improve the data quality of the reflected wave
signals, automatic gaining calibration is conducted before
the GPR field testing to obtain the performance of the
inspecting medium. Step 6 is the collection of the reflected
GPR wave signals. ,e electromagnetic wave signals are
launched continuously along the detection route, and the
feedback wave signals are recorded by the receiving antenna.
,e last step of the GPR survey is transforming and
transmitting the GPR raw data. ,e recorded wave signals
are transformed into digital data in the DAD control element
and transmitted to the notebook computer for further
processing and analysing. ,e detected pile foundation was
adjacent to a road. ,e surface of the pile foundation was
flush with the road surface. Hence, the GPR antenna was
able to move on the road to cover the pile foundation. ,e
radar detecting route was marked as an arrow line above the
surface of the pile foundation, as shown in Figure 1(b).

5. Postprocessing of the GPR Raw Data

In order to enhance the essential information, reduce the
clutter for clear display, and easy interpretation of the GPR
raw data, the GPR raw data were processed with optimized
procedures of digital filtering techniques. ,e radar image of
the GPR raw data is shown in Figure 8.,e horizontal axis is
the distance of movement of the antennas, and the vertical
axis is the wave propagation time. As shown in Figure 8, the
radar image of the GPR raw data cannot clearly show the

(a) (b)

Figure 6: ,e TR80 antenna. (a) ,e two antenna and (b) the bonded TR80 antenna.

Table 2: Performance parameters of the GPR device [21].

Pulse repetition frequency Range Scan rate Number of samples per scan Sample size
400 kHz per channel Up to 9999 ns Up to 850 scan/s 128–8192 16 bit
Stacking number Resolution Dynamic range Power consumption Signal to noise ratio
Up to 32768 scans, automatic or user selection Better than 5 ps >160 dB 13W >160 dB

Step 1. Run the data acquisition software

Step 3. Set acquisition parameters

Step 2. Select the corresponding driver

Step 4. Select detecting area

Step 6. Collect radar data

Step 5. Gain calibration operation

Step 7. Transform and transmit the GPR data

Figure 7: Operation procedure of the GPR field testing.

8 Advances in Civil Engineering



anomalies in the pile foundation. Digital filtering techniques
were employed to process the GPR raw data for observation
and interpretation of the radar image. ,e proposed post
processing method of the GPR field testing raw data has four
steps.

5.1. Vertical Band-Pass Filtering in the Time Domain.
Vertical band-pass filter in the time domain was applied first
to the GPR raw data to remove the signals in high and low
frequencies. Finite impulse response (FIR) filter in the
vertical direction was used in this step. A band-pass filter
with a low cut frequency of 100MHz and a high cut fre-
quency of 1000MHz was applied to remove possible low and
high frequency segments from each trace. ,e radar image
after the band-pass filter processing is shown in Figure 9.

5.2. Correction of the Starting Time of the Received Wave
Signals. For the purpose of obtaining the depth information
of anomalies in the inspecting medium, the starting time of
the received wave signals needs to be corrected. ,e air-
medium interface reflection peaks were aligned and set as
the starting time of the received wave signals. Each trace was
corrected by changing the starting time to the first reflection
peak of the received wave signals. By this operation, the wave
propagation time in the air was removed in each trace. ,e
depth scale of the radar image was aligned with the position
of the surface of the inspecting medium. ,e radar image
after correcting the starting time is shown in Figure 10. As
presented in Figure 10, the upper part of the received wave
signals were removed, ensuring that the wave propagation
time travelling in the air was eliminated.

5.3. Removing the Background Noise. After correcting the
starting time of the received wave signals, background noise
was removed from the radar data in this step. ,e back-
ground noise removal operation used a default clearing filter

to remove continuous interference components along the
horizontal direction, which was caused by horizontal
background noise and the ringing effects. ,e low and high
limits of the background noise removal operation were set to
a minimum value of 0 and a maximum value of 10 meters.
,e depth range for background noise removal was set from
the surface to the depth of 10 meters. Figure 11 shows the
radar image after removing the background noise.

5.4. Linear Gain Operation. ,e linear gain operation was
applied to the received wave signals after removing the
background noise. ,e aim of linear gain operation was to
eliminate the attenuation of the received wave signals
propagating into the inspecting medium. ,e linear gain
filtering was applied to the wave signals. Equalization of the
power energy along the sweep was conducted based on an
estimation of the linear trend in the attenuation. ,e pro-
cessed data after linear gain operation are shown in Fig-
ure 12. ,e radar image after linear gain operation became
clear and explicit to observe and interpret. ,e longitudinal
axis of the radar image is displayed as wave propagation

Table 3: Parameters settings of the GPR device.

Centre frequency
(MHz)

Total time windows
(ns)

AD conversion resolution
(bit) Samples/traces Trace interval

(m)
Marker interval

(m)
80 256 16 512 0.02 10
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Figure 8: Radar image of the GPR raw data.
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Figure 9: Radar image after the vertical band-pass filtering in time
domain.
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Figure 10: Radar image after the correction of the starting time.
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time. However, the time must be transformed into depth
using the wave velocity to obtain the depth information of
the embedded reinforcing bars.

6. Results and Validation

6.1. Estimation of the Electromagnetic Wave Velocity.
Figure 13 shows the radar image after the processing of the
GPR raw data by using the above digital filtering techniques.
,e depth is calculated by equation (10) with a hypothetical
wave velocity of 100mm/ns.,e wave velocity of 100mm/ns
may not be the true wave velocity in the inspecting medium.
Hence, the depth shown in Figure 13 may not be the true
depth of the reinforcing bar. In order to determine the true
depth of the reinforcing bar from the radar image, the ac-
curate wave velocity in the inspecting medium should be
estimated.,e determination of the accurate wave velocity is
dependent on the hyperbolic signature. ,e hyperbola
match method was used to determine the accurate wave
velocity, as described in Section 3.4.

Assuming that the material is homogeneous, a constant
value of wave velocity propagating in the inspecting medium
can be obtained. ,e mathematical model of equation (9)
was used to generate different hyperbolas corresponding to
different wave velocities.

Equation (2) shows that the wave velocity can be de-
termined by the relative dielectric permittivity (εr). A broad
range of relative dielectric permittivity with the range of
εrmin and εrmax was selected according to the concrete

material, as given in Table 1. After that, the different relative
dielectric permittivity was taken into equation (2) to cal-
culate the wave velocities. With the obtained wave velocities,
a number of hyperbolic curves were obtained by equation
(9). ,e obtained hyperbolic curves were compared with the
coordinates (xi, ti), which were extracted from the hyper-
bolic signature. ,e direct least square method was used to
determine the best match curve based on the lowest fitness
function in equation (14).

,e accurate wave velocity was determined corre-
sponding to the best match curve. Figure 14 shows the best
match curves of two hyperbolic signatures by applying the
hyperbola match method, which provided the same results
of wave velocity (135mm/ns). ,e similar wave velocities
from the hyperbola match methods indicate the accuracy of
the calculation of wave velocity inversion. ,e wave velocity
of 135mm/ns was used to calculate the vertical depth using
equation (10). ,e time-depth conversion of the radar image
was performed based on the calculated wave velocity.

6.2. Inspection of Reinforcing Bars in the Pile Foundation.
Although many GPR profiles were received in the field
testing, in this study, the most representative results that
illustrated the evaluation are presented. Figure 15 shows the
GPR profile, which provides a clear display of the embedded
reinforcing bars as hyperbolic signatures. ,ere are two
hyperbolic signatures as marked in black rectangle boxes in
Figure 15, which are the evidence of the presence of the
embedded reinforcing bars in the pile foundation. Also, the
depth of the reinforcing bars was estimated after the time-
depth conversion of the radar image based on the calculated
wave velocity. ,e GPR testing results indicated that the
reinforcing bars were 3.2 meters beneath the surface of the
pile foundation.

6.3. Validation of the GPR Testing Results. ,e pile foun-
dation was excavated based on the GPR testing results. ,e
excavation was performed after the GPR investigation. ,e
pile foundation was excavated to 3.2 meters, and the rein-
forcing bars were exposed. Figure 16 shows the photos taken
from the excavation site. Figure 16(a) shows that a tem-
porary brick lining was constructed for the excavation
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Figure 11: Radar image after removing the background noise.
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Figure 12: Radar image after the linear gain operation.
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Figure 13: Radar image converted with the default wave velocity of
100mm/ns.
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surrounding the base of the pile foundation. Figure 16(b)
shows the two exposed reinforcing bars.

,e actual depths of the embedded reinforcing bars were
found to be 3.2 meters, which verified the GPR testing

results. ,e GPR results were found to be accurate in es-
timation of the deeply embedded reinforcing bars, showing
good accuracy. By applying the TR80 antenna with elec-
tromagnetic waves in low centre frequency of 80MHz, the
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Figure 14: ,e results of the estimation of wave velocity. (a) First hyperbola match and (b) second hyperbola match.
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Figure 16: Photos taken from the excavation site. (a) ,e temporary lining and (b) the exposed reinforcing bars.
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GPR successfully detected the reinforcing bars located in
large depths, and the GPR testing results were validated and
confirmed by excavation.

7. Discussion

,is study demonstrates the GPR application in the RC pile
foundation for the detection of deeply embedded reinforcing
bars. ,e deeply embedded reinforcing bars are in large
depths and usually under some other objects.,e radar wave
signals are attenuated and weakened due to the loss and
attenuation for large depth penetration. To solve this
problem, low centre frequency antenna of 80MHz was used
to provide high energy waves, which enabled the large depth
penetration. It was found that the low centre frequency
antenna of 80MHz could detect the reinforcing bars located
at the depth of 3.2 meters in the concrete medium.

,e investigated RC pile foundation was adjacent to a
road, and the surface of the pile foundation was flush with
the road surface. ,is provided convenience for the GPR
field testing. ,e radar antenna could move on the road
along the detection route to cover the surface of the pile
foundation. Otherwise, some artificial platforms with con-
tinuous pavement for GPR field testing needed to be built,
which might increase the cost and enhance the difficulty of
the GPR investigation.

,e hyperbola match method was used for determining
the wave velocity in the pile foundation, and time-depth
conversion of the radar image was performed based on the
calculated wave velocity. ,e method is based on the
mathematical model of hyperbola, neglecting the bar radius
and the distance between the emitting antenna and receiving
antenna. It has been found that the hyperbola match method
based on these assumptions is effective and provides the
wave velocity which leads to the accurate estimation of the
depth of the reinforcing bar.

As demonstrated in this study, the GPR can provide
information of the location of the embedded reinforcing bar.
,e information of the embedded reinforcing bar is useful
for solving the dispute between the construction unit and the
supervision unit. Further treatment of the pile foundation
was accepted by the both units. As the depth of embedded
reinforcing bar has been determined, the upper segment of
the pile foundation with no reinforcement need to be
demolished and rebuilt with the designed reinforcement.
Different from the traditional method of drilling and ex-
cavating, the GPR enables fast survey of the pile foundation
in a nondestructive and noninvasive way. ,e GPR evalu-
ation is important for providing the information of the
deeply embedded reinforcing bars, which expand the range
of GPR application in civil engineering.

8. Conclusions

A new approach of GPR detection of deeply embedded
reinforcing bars is presented in this study. ,e approach
involves GPR field testing, postprocessing of the GPR raw
data, and validation of the nondestructive GPR testing re-
sults. ,e GPR field testing was conducted to evaluate the

problematic pile foundation. ,e depth information of the
reinforcing bars provided by the GPR evaluation is useful
and important in solving the engineering dispute between
the construction unit and the supervision unit. ,e non-
destructive hyperbola match method was used to estimate
the wave velocity in the inspecting medium. Based on the
wave velocity, the depths of the embedded reinforcing bars
were estimated.,e GPR investigation results were validated
with the actual depth of the reinforcing bar in the pile
foundation, which was determined through the excavation
of the pile foundation.

For large depth penetration, the antenna with low centre
frequency waves is essential to provide high energy waves to
detect the deeply embedded objects. ,is study presents the
application of TR80 antenna with the waves in the centre
frequency of 80MHz. ,e TR80 antenna enables to detect
the reinforcing bars at 3.2 meters depth located in a rein-
forced concrete pile foundation.

,e radar image after the postprocessing of digital fil-
tering techniques provided a clear display of the embedded
reinforcing bars. ,e digital filtering techniques were fun-
damental in the postprocessing of the GPR raw data to
provide the hyperbolic signature in the radar image. ,e
digital filtering technique made the interpretation of GPR
profile feasible.

,e hyperbolamatchmethod was found to be effective to
determine the wave velocity, which led to estimate the ac-
curate depth of the reinforcing bar. ,e assumptions
adopted in the analysis made the calculation process much
easier and accurate.

,e GPR is proved to be an effective and reliable
technique in providing the depth information of the deeply
embedded reinforcing bars in the RC pile foundation. ,e
deeply embedded reinforcing bars can be revealed as hy-
perbolic signature in the processed radar image through the
postprocessing procedures. Also, the depth of the deeply
embedded reinforcing bars was determined with good
accuracy.
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