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Analyses of Apparent Resistivity Responses from Near-Surface Cavities

Hee Joon Kim*

Abstact : This paper describes dipole-dipole apparent resistivity responses from near-surface cavities
in otherwise homogeneous earth materials. In applying the dipole—dipole resistivity method to the problem

of loéating and delineating subsurface cavities, it is important to know apparent resistivity responses not

only for conductive bodies but also for resistive ones. Dipole—dipole apparent resistivities for these bodies

are calculated by the numerical modeling technique using an integral equation solution.

The magnitude and pattern of apparent resistivity is highly dependent on the ratio of body resistivity

to background resistivity. In conductive bodies, the largest anomaly of apparent resistivity appears at the

outside of the body. In resistive bodies, however, the position of the largest anomaly coincides with the
location of the body. The field results gathered at Okinawa, Japan in 1978 showed that peak anomalies

occurred at the locations of air-filled cavities.

Introduction

In these days, near-surface cavities become a
serious problem in civil engineering. However,
mainly due to the complexity of near-surface
layers, it is usually difficult to detect the cavities
by conventional explorations such as the seismic
and magnetic surveys.

The widespread application of the electrical
resistivity method as primary exploration tools,
coupled with developments in rapid and accurate
data acquisition techniques, warrants more quan-
titative interpretation of the geologic stucture
than is currently practiced. Induced polarization
(IP) equipments, for example, enable us to apply
the dipole-dipole array to the resistivity survey in
many field environments because of its accurate
and powerful data acquisition ability (Takeuchi et
al., 1983). In this paper we analyze dipole-dipole
apparent resistivity responses from the near-surface
cavities in otherwise homogeneous earth materials.

In the resistivity method we have been usually
interested in conductive targets such as mineral
deposits and goethermal resources. The resistivity
of subsurface cavity, however, varies with its
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contents. Water-filled cavities usually indicate
conductive responses but air-filled cavities indicate
resistive ones. Therefore, in applying the resistivity
method to the problem of locating and delineating
these cavities, it is important to kuow the apbarcnt
resistivity responses not only for conductive
targets but also resistive ones.

In this paper we stndy first the effect of the re-
sistivity ratio between target and background on
the dipole-dipole apparent resistivity responses.
These responses are calculated by the three-di-
mensional integral equation method (Kim, 1983).
Next, as an example of resistive targets, we interpret
the field results for air-filled cavity exploration

gathered at Okinawa, Japan in 1978.

Fundamental equation and models

A typical integral equation for inhomogeneities
with uniform resistivities was developed by Snyder
(1976). In the case of a simple body characterized
by uniform resistivity p; in an otherwise uniform
half-space of resistivity p;, using an appropriate
Green’s function G, a potential ¢ is given by
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where

q=2§2—;‘zi—n-v¢, ' )
r is the field point, rg the position of pole source,
r’ the position of surface elements ds’, I the strength
of current source located at the point rs, q the
surface charge density of inhomogeneity, and n
the outward unit vector normal to the boundary

surface S. The Green’s function for the half-space is

1 1

G(rs r'>= Ir_rll + Ir_rul

3

where r'’ is the reflected point of r’ across the half-
space boundary. Applying the method of moments
(Harrington, 1968), equation (1) is solved numeri-
cally (e.g., Endo et al., 1979).

To illustrate the effects of the resistvity ratio,
p2/p1, on the apparent resistivity responses, we
select two different models as shown in Figs. 1 and
2. One model (Fig. 1) has a cubic body which is
two units (dipole length) on a side. The depth to
the top of the body is one unit. The cublc body
consists of eight small cubic cells, and each cell has
one unit on a side. The other model (Fig. 2) has a
dipping body which is inclined 20 degrees against
the earth’s surface. The depth to the top of the
body is one unit, and the strike length is two units,
The dipping body consists of forty cubic cells,
and each cell has one half unit on a side.
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Fig. 1 Cubic model. The earth except for a cubic body
of resistivity p; is taken to be a half-space of
resistivity p;. The size of the body is 2x2x2
units (dipole length), and the depth to the top
of the body is one unit.

Fig. 2 Dipping model. The earth except for a dipping
body of resistivity p; is taken' to be a half-space
of resistivity p;. The body inclines 20 degrees
against the earth’s surface (X-Y plane). The
depth to the top of the body is one unit of dipole
length, the strike length is two units and the
total width is five units.

Only the dipole-dipole array is considered here
because the dipole-dipole array usually gives the
largest anomalies and has best overall resolution
(Coggon, 1973; Takeuchi et al., 1983). Numerical
results are shown as a function of the normalized
apparent resistivity: p,/p;, where p, is the calcu-
lated apparent resistivity. The results are illustrated
by pseudosectional views, and these plotting points
are shown in Fig. 3. All profile lines shown in this
paper are perpendicular to the strike of each body.

Numerical resuits

Fig. 4 shows dipole-dipole apparent resistivity
responses of the cubic body for four resistivity
ratios: p./p1=1/16, 1/4, 4 and 16. The most
remarkable feature is that the position of the
largest anomaly (the lowest or highest apparent
resistivity) varies with the resistivity ratio. For
the conductive bodies (p,/p;= 1/16 and 1/4), the
lowest apparent resistivities appear at the both
outsides of the bodies. For the resistive bodies
(p2/ 1= 4 and 16), on the other hand, the highest
responses occur at the centers of the bodies. There-
fore the patterns of anomaly between the con-
ductive and the resistive bodies are different.

Fig. 5 shows apparent resistivities at the points
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Fig. 3 Relation of plotting points to current and potential dipoles in the dipole-dipole
array. C and P represent the current and potential dipoles, respectively.
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Fig. 4 Effect of resistivity ratio (pa/pi=1/16, 1/4, 4 and 16) on apparent resistivity
responses for the cubic model.
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Fig. 5 Apparent resistivity curves at the points of C_3
Py2 and C_g _sPy,1 (see Fig. 3) for the cubic
model.

of C_, _; Py, and C_g _s, Py i(see Fig. 3) with the
highest and lowest apparent resistivities, respec-
tively (Fig. 4). For the resistive case with ps/p;
>1, C_; -; Py, has the maximum anomaly (high-
est value) in the pseudo-section. For the strongly
conductive case with pg,/0;<0.2, however, the
maximum anomaly (lowest value) occurs at C_g _5
Py 1, and its symmetrical point of C_; o, P55, For
the intermediate case, weakly condctive case, the
maximum anomaly usually moves to the other
point. Hence anomaly patterns are divided into
three cases: resistive, weakly conductive and
strongly conductive. The weakly conductive case is
transitional between the strongly conductive and
the resistive cases. The pseudo-section for ps/p;
=1/4 in Fig. 4 is an expamle of such transitional
case, and relatively broad and low-amplitude
anomalies appear around the body.

Fig. 6 compares apparent resistivity responses
of the dipping body for the same resistivity ratios as
in Fig. 4. The patterns of anomaly change drama-
tically with resistivity ratios. For the strongly con-
ductive body (ps/p1=1/16), the largest anomaly
appears on the side opposite to the direction of
dip, while for the resistive budies (p3/p; =4 and 16)
the largest anomalies are in the direction of dip.

On the other hand, for the weakly condutive body
(p2p1=1/4), the anomaly pattern is neraly sym-
metrical in spite of the asymmetrical body, If we
ignore the magnitude of apparent resistivity, the
anomaly for the conductive dipping body is almost
similar to that for the weakly conductive cubic
body.

In the interpretation of field data, interpreters
usually pay attention to the position of the largest
anomaly or the pattern of anomaly. Results of
Figs. 4 and 6 suggest that, for strongly conductive
targets such as mineral deposits or geothermal
resources, the largest dipole-dipole anomaly does
not coincide with the location of target, and
sophisticated interpretation techniques are needed.
Drillings would be unsuccessful if the hole were
spotted over the largest anomaly. For weakly
conduetive targerts such as water-filled cavities, it
would be impossible to delineate the shape of target
by the pattern analysis alone. For resistive targets
such as air-filled cavities or tunnels, on the other
hand, it would be relatively easy to predict the
location and/or shape of target on the basis of the
largest anomaly and/or the anomaly pattern in
the field data. In the following section, as an exam-
ple of such resistive cases, we present two results
of field survey aimed at delineating subsurface
air-filled cavities.

Field results

The field survey was carried out on an area of
limestone containing air-filled cavities at Okinawa,
Japan in 1978 (Ooba, 1979). The purpose of this
survey was to predict the cavities shallower than
about 10 m. We measured the dipole-dipole ap-
parent resistivity by using an IP equipment.

Figs. 7 and 8 show the field result which detect
two cavities in the limestone area of Okinawa. In
these figures, since the resistivity of air-filled cavity
seems to be infinite, over 500 ) -m can be regarded
as anomalies associated with the cavity.

When we compare the field results with the
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Fig. 6 Effect of resistivity ratio (0o2/p;=1/16, 1/4, 4 and 16) on apparent resistivity

responses for the dipping model.

numerical ones, it is found that the patterns of
anomaly in Figs. 7 and 8 are nearly similar to
those in Figs. 4 and 6 (p;/p;=16), respectively.
As a first approximation, therefore, the shapes of
the cavities are roughly estimated to be the model
shapes.

The existence of the cavities in Fig. 7 was actu-
ally confirmed by a simple drilling. Its drilling
point selected at just above the highest apparent
resistivity. The cavity in Fig. 8 was also conﬂrmed
by entering into the cavity.

Discussion and conclusions

In the foundamental integral equation, the
resistivity ratio enters into the from (p,—p,)/
(o2-+p1) (sse equation (2)). For an extreme case,
i.e., perfectly conductive or resistive body,

02—p1 _ { —1: perfect conductor
pzFp1 \+1: perfect resistor.

This shows that further decrease or increase in
the resistivity ratio in Figs. 4, 5 and 6 will have
little effects on apparent resistivities. The result
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Fig. 7 Dipole-dipole apparent resistivities obtained at a limestone area of Okinawa, Japan in 1978.
The length of line is 40 m. An air-filled cavity exists at 2 or 3m depth below the

electrode No. 31.
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Fig. 8 Dipole-dipole apparent resistivities obtained at a limestone area of Okinawa, Japan in 1978. The length of line is
53 m. An air-filled cavity exists at more than 4 m depth below the electrode No. 35.

for a perfect resistor is given by Spiegel et al. ( 1980).

Dipole-dipole apparent resistivity anomalies
are highly dependent on the resistivity ratio. The
resistivity ratio affects not only the magnitude
of the anomalies but also the pattern of those. In
strongly condutive cases, the peak value appears
at the outside of body. Due to this fact the selection
of drilling points will be difficult in actual field
situation. Note that, even in this case, if the thick-
ness of body is larger than the width, the peak
dipole-dipole anomaly occurs at the location of
body (Yoshizumi and Irie, 1967).

In weakly conductive cases, relatively broad and
low-amplitude anomalies appear around the
bodies. The dipping body produces a symmetrical
anomaly pattern, and its pattern is almost similar
to that of the cubic body. Hence the prediction of
target shape will be difficult by the pattern analysis
alone. However, since the main objective of field
survey is usually to deduce the location of target,
such difficulty may not be a serious problem.

In resistive cases, on the other hand, the largest
anomaly occurs at the location of target, and the
anoamaly pattern is clearly distinguished from the
target. This fact will make the wide application of
dipole-dipole resistivity survey in many fields.
In the survey of civil engineering or archaeology,
for example, the resistivities of targets such as
cavities or tombs are usually higher than those of
surrounding media.

The dipole-dipole field survey carried out at
Okinawa, Japan in 1978 successfully found the
subsurface air-filled cavity. Its position and shape
were predicted by the largest anomaly and the
anomaly pattern. The array comparison for cavity
exploration is given by Takeuchi et. al. (1983).
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