Near Surface Geophysics, 2013, 11, 19-27

doi:10.3997/1873-0604.2012044

Imaging near-surface defects using step-frequency

ground-penetrating radar

V.R. Balasubramaniam'*, P.C. Jha'! and E. Chandrasekhar?

! National Institute of Rock Mechanics, Champion Reefs, P.O., Kolar Gold Fields-563117, India
2 Department of Earth Sciences, Indian Institute of Technology Bombay, Powai, Mumbai-76, India

Received October 2011, revision accepted September 2012

ABSTRACT

Step-Frequency GPR (SFGPR) investigations were carried out at the location of a crude oil storage
tank at a petroleum refinery. The storage tank was founded on an elevated platform (tank-pad).
Subsidence of a portion of the tank-pad led to cracking of its bottom steel plates and subsequent
leakage of crude oil. SFGPR imaging was done within and outside the tank, in the frequency range
of 10-260 MHz, to understand the cause of the subsidence. Complex signal analysis was useful in
identifying a series of cavities in the subsurface, in the depth range of 2—15 m, close to the location
of subsidence of the tank-pad. In order to stabilize the foundation of the tank, the subsurface area
infested with cavities was grouted systematically. SFGPR imaging was done again after grouting,
in the same area in the same manner to evaluate the efficacy of grouting and check for presence of
remnant cavities. Results of the SFGPR investigations, before and after grouting, which aided res-

toration of the foundation of the oil tank, are discussed.

INTRODUCTION

Construction of large structures is normally done on a strong
foundation so that it is sustainable during its lifespan. Despite
cognizance of the subsurface conditions based on routine inves-
tigations before construction, it is sometimes possible that some
hidden features in the foundation like loose-soil pockets (uncon-
solidated) or cavities in the subsurface escape attention. Such
subsurface defects, if present in the foundation, prove detrimen-
tal to the stability and longevity of a structure due to uneven
settlement of the ground. In the unexpected event of damage to a
superficial structure, scientific investigations to find an engineer-
ing solution become imperative. Geophysical investigations can
be a useful aid in such engineering solutions.

Various geophysical techniques have been employed for map-
ping near-surface features such as cavities or voids and sinkholes.
The seismic reflection technique (Cook 1965; Miller and Steeples
1991), electrical and electromagnetic methods (Labuda and
Baxter 2001; Pellerin 2002; Cardarelli et al. 2006), microgravity
(Butler 1984; Branston and Styles 2006) and magnetic methods
(Rybakov et al. 2005) have all yielded satisfactory results. There
have also been successful applications of integrated geophysical
techniques for mapping near-surface features (Beres et al. 2001;
Mochales er al. 2008; Bavusi et al. 2009). Integrated techniques
are aptly suited to map such subsurface features because each
technique gives specific information about the feature with the
respective physical parameter associated to it.
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Among various geophysical techniques, ground-penetrating
radar (GPR) has been recognized as a reliable technique for
imaging near-surface features. GPR uses the transmission and
reception of high-frequency (10-3000 MHz) electromagnetic
(EM) waves for imaging near-surface features. Propagation of
the high-frequency EM waves in the subsurface is governed by
the electrical properties (Olhoeft 1998) of the medium. More
information on the principle and modulation techniques of GPR
can be found in the works of Daniels (1996) and Davis and
Annan (1989). With significant advancements in the field of
electrical and electronics technology, GPR has evolved as a more
portable high-resolution non-destructive imaging tool with wide
ranging applications. Quick deployment and real time visualiza-
tion and analysis of signals have given the GPR an advantage of
imaging in relatively lesser time and cost compared to other
geophysical techniques. The efficacy and reliability of GPR in
detecting near-surface cavities or voids, caves and tunnels
(Ballard er al. 1983; Daniels 1988; Benson 1995; Chamberlain et
al. 2000; Xu et al. 2010) has been proven. In all these works, one
of the variants of GPR, Impulse Ground-Penetrating Radar
(IGPR) was used, which is a first generation GPR that uses a
short impulse (0.6—10 ns) and operates in the time domain.

Another variant of GPR called Step-Frequency GPR
(SFGPR) is a second generation GPR, which uses a synthetic
pulse and operates in the frequency domain. SFGPR has advan-
tages (Robinson et al. 1974) over conventional IGPR like the
capability to detect a target in high-loss media (Lizuka et al.
1984), controlled transmission of coherent signals and efficient

19



20 V.R. Balasubramaniam, P.C. Jha and E. Chandrasekhar

use of high-transmitter and receiver powers (Noon ef al. 1994),
ability to modify the signal bandwidth (Kong and By 1995),
enhanced dynamic range (Hamran et al. 1995), improved pen-
etration depths (Stickley et al. 2000) and sophisticated spectral
control (Langman and Inggs 2001). Though SFGPR has been
shown to have theoretical advantages, there are some practical
disadvantages like complicated hardware, cable radiation, lower
bandwidth, strong direct coupling and longer recording time as
reported by Leckebusch (2011), Kong and By (1995) and
Stickley et al.(2000). Taking cognizance of the merits and dis-
advantages, we made an attempt to apply SFGPR for imaging
near-surface cavities, voids or subsurface defects below large
structures.

In the present study, conducted at a petroleum refinery, the
SFGPR (By et al. 1992; Kong and By 1995) developed at the
Norwegian Geotechnical Institute (NGI), was used. The results
of the investigations are analysed, in imaging the defects in the
foundation of an oil storage tank and in assessing the efficacy of
grouting in annulling these defects.

STEP-FREQUENCY GROUND-PENETRATING RADAR
The step-frequency (SF) version is a second generation GPR,
which uses continuous waveform and whose frequency is
stepped up over a number of narrow bands sequentially (Kong
and By 1995; Hamran et al. 1995). The operating principle and
the performance of this radar, which uses a signal generator and
receiver unit, were described in detail by Kong and By (1995).

Mathematically, a continuous sinusoidal step-frequency sig-
nal is represented as (Kong and By 1995)

F(t) = Aexp(i272(f +nAf)E) ”T‘IT ststr

where A is the amplitude of the signal and nAf designates the n
frequency step interval Af, N is the total number of step frequen-
cies and T is the fundamental period of the signal. The SFGPR
transmits waveform frequency tones stepped with Af, which are
highly stable and uniformly spaced across a wide fractional
bandwidth.

The step-frequency technique is one of the many hardware
options for transmitting signals with wide fractional bandwidths
and high mean power. It has the capability of using the desired
bandwidth of the transmission signal within a resonant frequency
bandwidth for a given ground condition, thereby optimizing the
antenna performance in tune with the objective of the imaging.
SFGPR is characterized by a wide dynamic range and is capable
of imaging deeper targets with a lesser power requirement. Since
this radar uses the source signal in the frequency domain, ambi-
guity in the bandwidth of the received signal spectrum is less.

SFGPR equipment comprises five units, viz. network analyser
(NA), which is the radar signal transmitter-receiver unit, radio
frequency (RF) amplifiers, a portable computer (PC), a pair of
RF coaxial cables and a pair of transmitter (Tx) and receiver
antennae (Rx) ( Jha et al. 2006). The NA used in this SFGPR is

capable of transmission and reception of radio waves in the fre-
quency range of 0.3-3000 MHz over a dynamic range of 110 dB.
It transmits and receives the radar signal in sequential steps of
51, 101 and 201, as optionally chosen during data acquisition.
External RF amplifiers are used to amplify the radar signals dur-
ing transmission and reception whereby the dynamic range of the
system is further enhanced. The portable computer, using tailor-
made software with built-in modules for the selection of survey
parameters, data acquisition, display and preprocessing of the
received signals, is used to control operations of SFGPR during
the survey through a PCMCIA-GPIB (National Instruments)
interface. The antennas are designed for a particular centre fre-
quency to perform the ultra-wideband operation. The Tx and Rx
are an identical pair of antennas measuring 2 m in length and
0.2 m in width and are flat conductor dipole antennas with a
centre frequency of 50 MHz. They are ground coupled antennas,
designed to feed power into the ground efficiently (Kong and By
1995). They are connected to the NA through RF cables. Suitable
bandwidth for scanning is selected based on the response of the
ground. Low-porosity manganese-zinc (Mn-Zn) ceramic ferrites
cores are mounted on these RF cables to suppress RF leakage
and cross-coupling during data acquisition. The apparent disad-
vantages of this version of SFGPR are its bulky NA and the long
cables. However, the distinguishable advantages of this GPR viz.
frequency synthesized (stepped) signals, improved sensitivity
and the software based ability to modify the bandwidth of the
signals to optimize antenna performance as per the site condi-
tions, make this a useful tool for detection of shallow and deep
targets (Kong and By 1995).

Diameter
46m

To of the tan

Height, 18m

FIGURE 1
Perspective view of the oil storage tank shown with the location of sub-
sidence (dark-shade semi-circle).
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DEFINITION OF THE PROBLEM

The petroleum refinery had a number of oil tanks commissioned
for the purpose of storing crude oil products at different stages of
processing. The oil storage tanks were normally self- sustaining
superficial structures erected on an elevated platform (tank-pad),
which were made of a well-consolidated mixture of stone chips
and sand covered by bitumen. The near-surface stratum in the
refinery area was predominantly characterized by lateritic soil in
various degrees of hardness and compaction with a small per-
centage of coastal alluvium. One of the oil tanks measuring 46 m
in diameter and 18 m in height was made up of 16 mm thick steel
plates. The tank was installed on a 1.5 m thick tank-pad. A per-
spective view of the tank and the visible subsidence area in the
tank-pad are shown in Fig.1. The tank-pad was subjected to
standard load tests to check for settlement of the ground. Once
the tank-pad passed all the tests, the tank was commissioned into
the production process. However, within one year of its commis-
sioning, the bottom steel plates of the tank cracked and resulted
in leakage of all the stored crude oil. Subsidence in the tank-pad
was observed close to the damaged portion of the bottom plates
of the oil tank. Such a failure was unique in the history of the
refinery as there were several such tanks installed on a similar
foundation, which withstood operational success for more than
ten years (Jha et al. 1999). Initially, failure of the material used
for welding of the bottom plates was suspected as the cause.
However, examination of the bottom plates and the weld mate-
rial proved their worthiness for use in such tanks. At this stage,
presence of some unknown defect in the subsurface was sus-
pected, due to which the tank bottom plates might have cracked.
Previously, tunnel-like features were observed in the subsurface
at a nearby site where excavations were in progress. Thus, non-
destructive geophysical investigation at the site using SFGPR
was employed to investigate the subsurface in and around the
area of subsidence in the tank-pad, with the goal of understand-
ing the cause of the subsidence.

DATA ACQUISITION

SFGPR data were acquired along a series of orthogonal lines in
a grid pattern both inside and outside the oil tank around the
visible subsidence in the tank-pad. Inside the tank, measure-
ments were made on the tank-pad after removing the bottom
plates. Figure 2 depicts the schematic plan view of the SFGPR
survey lines. The dense grid lines with 2 m x 2 m spacing were
chosen to have wider data coverage for better understanding of
the extent and orientation of the suspected subsurface defects.
The SFGPR survey was done in common offset mode using
antennas of 50 MHz centre frequency oriented transverse to the
line of survey with a separation of 2 m and a movement step of
0.5 m in the frequency range of 10-260 MHz transmitted over
201 steps. In order to estimate the velocity of the radio waves in
the subsurface, a common midpoint (CMP) survey was carried
out at two locations, one inside and one outside the tank.
SFGPR data acquisition was done before grouting for under-
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FIGURE 2
Plan of SFGPR survey lines, on and outside the tank-pad.

standing the cause of subsidence and after grouting for evaluat-
ing the efficacy of grouting.

DATA PROCESSING AND ANALYSIS

As is well-known, the first step in the processing of GPR data is

removal of the dominant effect of direct coupling and other

coherent signals between the antenna pair. The further signal
processing steps in sequential order are given below.

a. Optimizing the frequency range of the maximum response
from the subsurface: for this, a Hanning window of
50-200 MHz was selected based on the resonant frequency
spectrum analysis over the area. The SFGPR data are in the
frequency domain and this enables easy application of the
windowing operation.

b. Enhancing the small amplitude reflections from the subsur-
face: for this, an exponential gain function of 20 dB was
applied across the first 100 samples.

c. Removing the coherent noise (both internal and external): this
involves a background subtraction procedure wherein the
average of all the signals was subtracted from each of the
traces.

d. Presence of clutter renders identification of features within
subsurface reflections difficult. In such cases, analysis of the
magnitude and phase of the complex signal might give an
additional clue for target identification or about its attributes
(Patterson and Cook 2000; Nuzzo et al. 2002). The plot of the
magnitude of the complex signal is useful to understand the
strength of reflection and the corresponding size and geome-
try of the subsurface target, while the phase helps to under-
stand change in the physical property of the subsurface
medium, thereby enabling demarcation of the target. In case
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of SFGPR, the data acquired are in the frequency domain.
Hence, it becomes easier to read the magnitude from the
complex signal. In this analysis, the magnitude was useful in
resolving subsurface reflections of the radar signal. The
inverse fast Fourier transform (IFFT) algorithm was then
applied over the complex signal to obtain the plot of magni-
tude (radargram of magnitude). This is equivalent to carrying
out complex signal analysis (Taner et al. 1979) using the
Hilbert transform in the time domain.

Such analysis was done for the data of all the SFGPR profiles
(Fig. 2) and subsurface images using raw data and magnitude
were generated. The images, obtained before grouting, were
examined for presence of subsurface defects and their probable
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continuity. Images after grouting were analysed in the same man-
ner to check for remnant defects and evaluate efficacy of grouting.
Reflections in time were converted to depth using the velocity
(10-10.5 cm/ns) of the GPR waves in the subsurface area.

RESULTS AND DISCUSSION

Images before grouting

A few representative radargrams of the processed SFGPR data
(along the highlighted orthogonal lines in Fig. 2) are discussed
here. Figure 3 is the plot of SFGPR raw data (inside the tank)
along the lines N1 (Fig. 3a) and N2 (Fig. 3b) showing weak to
moderately strong reflections. But, when the magnitude was
plotted separately, as in Fig. 4 (N1 — Fig.4a and N2 — Fig.4b), an
enhanced pattern of reflections was observed. Similarly, the
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(a) Schematic plan view of the groups of cavities (A, B, C and D) detected before grouting.

(b) Shaded area showing boreholes designed for grouting; superimposed is the plan of the SFGPR survey lines, after grouting.

magnitude images were generated for lines (X1, X2 and Z1, Z2
in Fig.2) outside the tank periphery, on the western (Fig. 5) and
northern (Fig. 6) flanks of the tank. Figure 5 shows the magni-
tude images of the subsurface corresponding to the two profiles,
X1 (Fig. 5a) and X2 (Fig. 5b) and Fig. 6 represents the image
corresponding to the northern flank of the tank along the Z1
(Fig. 6a) and Z2 (Fig. 6b) lines. Interestingly, the pattern of
reflections in all these radargrams shows subsurface features

resembling the geometry of a cavity (indicated by the dots in
Figs 4-6). The pattern of reflections on the radargrams of all the
lines strongly indicated the presence of cavities along several of
these lines. Small (< 2 m) to large (> 6 m) size cavities were seen
in the radargrams, in the depth range of 2—15 m from the surface.
Their extent along the profiling direction ranged between
3-12 m. The extent of the cavities (along the direction of profil-
ing) measured on the radargrams was translated (red and blue
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2 - Sections North of the tank
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FIGURE 8

3D perspective view of the SFGPR sections taken before grouting. An
arrow above the sections inside the tank indicates the likely alignment of
cavities. Periphery of the tank-pad is superimposed to aid visualization.

dots, Fig. 7a) on to the plan of the survey lines. Four groups of
cavities (A, B, C and D) were identified concentrating in the
subsurface. A and B were located outside the tank-pad (north and
west), while C and D were located in the north-western area of
the tank-pad, inside the tank. Combined visualization of such a
translation indicated a probable connectivity (indicated by the
dotted lines and ‘?” mark) between the cavities imaged over suc-
cessive lines, pointing to a possibility of existence of channel-
like features trending in the direction of north to west.

The existence of a series of such localized cavities was not
expected in compact and hard lateritic soil. Dissolution of soft
minerals by subsurface water flow or leaching phenomena in the
lateritic soils could have been one of the causes of the formation
of such cavities, which were probably partially filled or were not
filled within compact and hard lateritic soil. Also, previous his-
tory of the place revealed existence of a few small villages and
adjoining agricultural lands before construction of the refinery.
Open water-wells were part of the agricultural lands. There was
a possibility of such water-wells not fully filled and consolidated
during excavation and levelling operations. Such poorly filled
water-wells, resembling a large partially filled cavity, could have
been a potential area of weakness in the subsurface surrounded
by compact and hard soil.

Such cavities in the subsurface have rendered the ground
incompetent and could have been the primary cause of subsid-
ence in the north-western area. The cavities (north-west) could
have coalesced in an inelastic compaction under the load of a
filled storage tank, leading to localized subsidence of the ground
and the tank-pad, and the subsequent damage to the oil tank.

1 - Cavities inside the tank
2 - Cavities North of the tank

3 - Cavities West of the tank

Tankpad =
Periphery

Surface of the tank-pad

FIGURE 9

3D perspective view of the outline of the cavities before grouting. N-S
trending cavities are shown in green and blue; W-E trending cavities are
shown in pink and yellow. Periphery of the tank-pad is superimposed to

aid visualization.

The entire data set was acquired in a dense grid pattern and
this enabled the generation of a 3D image. A 3D view (Grasmueck
2002) of SFGPR data is useful in overcoming the limitations in
presenting the spatial distribution of subsurface cavities. To
facilitate visualization of the cavity distribution in the subsur-
face, the intersecting 2D magnitude plots are presented in a 3D
perspective view in Fig. 8, with the 2D section of each line pre-
sented in a respective co-ordinate plane. The 3D visualization
reveals the trend or alignment (indicated by an arrow) of the
cluster of the subsurface cavities. An extract of the cluster of
cavities (Fig. 9) is presented separately, again in perspective
view, in order to improve clarity in the viewing of subsurface
cavities. The foundation area below the tank-pad was infested
with cavities amounting to 690 m* while the subsurface sur-
rounding the tank had 720 m? of cavity volume. Thus, out of the
9300 m?® of the subsurface scanned, 1410 m* was found occupied
by the cavities, most of which were clustered around the visible
subsidence in the tank-pad. These cavities had to be plugged in
order to make the subsurface competent enough to bear the load
of the oil-filled tank.

Grouting in the foundation

Once the existence of cavities trending in a channel-like feature
was established, the affected subsurface area was reinforced by
grouting so as to prevent the collapse of cavities and subsequent
subsidence of ground below the tank-pad. This reinforcement
was carried out by three-stage grouting in depth ranges of 0—6 m,
6-12 m and 12-18 m at various grout pressures. The borehole
array for grouting was designed in a grid-array at 5 m grid nodes
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to cover the entire affected area (shaded polygon, Fig. 7b), based
on the results of the SFGPR survey. Besides, curtain grouting
(Fig. 7b) was done on the northern and western boundaries to
isolate the subsurface of the tank-pad from possible connectivity
with any such cavities in the vicinity of the tank-pad.

Images after grouting

In order to check the efficacy of grouting in the foundation, a
SFGPR survey along various lines was carried out once again
both inside and outside the tank (northern and western flanks).
This time the survey area was expanded to cover the entire
grouted area (Fig. 7b) and imaging was done up to 20 m depth to
cover the deepest level of grouting. SFGPR data collected after
the grouting were processed in the same manner as done for the
pre-grouting stage. Figures 10 and 11 represent the subsurface
images after grouting along the SFGPR profiles inside (Al and
A2) and outside (B1 and B2) the tank respectively. In order to
confirm the efficacy of grouting, the raw images were also plotted
and comparative analysis was done with the corresponding mag-
nitude plots. In both the forms of images (magnitude and raw),
absence of previously seen reflections indicated that the cavities
detected earlier in the subsurface were grouted. Radargrams along
a few lines showed the cavities either remained ungrouted or only
partially grouted. Significant changes in the plots of magnitude of

Depth (m)
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5 5
£ g 5 W .
° o
a [s]
Reflection within grouted soil
Distance (m)
FIGURE 11

Imaging near-surface defects using SFGPR 25

reflections were observed wherein the pattern of reflections
observed before grouting, in and around the cavities, was con-
spicuously absent. The reflections are normalized plots based on
peak magnitudes and hence, the presence of any remnant cavities
was confirmed by a combination of a pattern and strength of
reflection magnitudes around the same location.

The 2D sections generated during this phase were again pro-
jected in a 3D form as in Fig. 12. While the absence of signatures
resembling cavities is quite conspicuous, there were some rem-
nant cavities or poorly grouted pockets in the subsurface that are
not quickly visible. Hence, to enable viewing of the remnant
cavities, a 3D view of their distribution is presented in Fig. 13.
The volume of such remnant cavities or weak-zones amounted to
215 m?, which is 15% of the previously detected volume of the
cavities. Such poorly grouted locations were recommended for
grouting again. Thus, except a few locations in the subsurface,
due to not fully grouted cavities, the SFGPR images confirmed
the grouting was effective. Considering the necessity of a uni-
formity of load bearing strength of the foundation regime, all such
suspected remnant cavities were grouted again. Later, the tank-
pad was tested with standard procedures. When no failure or any
other anomalous behaviour was observed even after repeated
tests, this tank was inducted into production line-up as initially

designed.

FIGURE 10
Radargrams of magnitude along

2 lines Al(a) and A2(b) inside the

% tank, as shown in Fig. 7(b),
wherein the pattern of reflections

c interpreted as cavities is absent

% after grouting. The two red dots

% indicate poorly grouted locations

ox at the bottom of the section.
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3

s s o w e s e w1
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Radargrams of magnitude along lines B1(a) and B2(b) outside the tank, as shown in Fig. 7(b), with no signature of cavities.
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1- Sections outside the tank

2 - Sections inside the tank

Surface of the tank-pad

FIGURE 12
3D perspective view of the SFGPR sections, after grouting, indicating
absence of cavities. Periphery of the tank-pad is superimposed to aid

visualization.

1-Remnant cavities outside the tank

2 - Remnant cavities inside the tank

Surface of the tank-pad

e

FIGURE 13
3D perspective view of the outline of the remnant cavities, after grouting.
Periphery of the tank-pad is superimposed to aid visualization.

CONCLUSIONS

In this paper, the successful application of SFGPR in imaging the
subsurface cavities, before and after grouting, in the foundation
of the tank was discussed. The advantage of the frequency
domain GPR in choosing the site specific frequency spectrum
and the ease of making use of the magnitude of the complex
signal (analogous to the Hilbert transformed time domain signal)
helped significantly in distinguishing the subsurface cavities in
an otherwise non-coherent clutter background. The reinforce-
ment of the foundation involved systematic drilling of grouting
holes, which were designed based on the pre-grouting results of

the SFGPR survey. A comparative analysis of the subsurface
images (2D and 3D), before and after the grouting operation,
aided the quantification of volume occupied by the subsurface
cavities and the extent to which the subsurface of the tank was
grouted.

In this study, SFGPR was fairly effective and economically
useful in facilitating complete restoration of the foundation of
the oil tank. More than its use for diagnostic investigations,
timely application of such a non-destructive tool will be useful to
prevent unexpected damage and mitigate potential hazards at
engineering construction sites.
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