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Abstract Subsidence is an environmental hazard due to

subsurface cavities associated with abandoned coal work-

ings in the Eastern Indian coalfields. These cavities pose

danger to coal mining of deeper coal seams. Most of these

subsurface cavities are unapproachable as no mine plans

are available. Here, an attempt has been made to detect and

possible delineation of air and as well as water filled cav-

ities applying Electrical Resistivity Imaging (ERI) tech-

nique using dipole–dipole, pole–dipole and Wenner–

Schlumberger arrays. Models are simulated with a rea-

sonable resistivity value of formations considering board

and pillar mining environment in multilayer earth. The

inverted resistivity section corresponding to water filled

cavities without a barrier could be able to detect three

cavities for dipole–dipole and Wenner–Schlumberger

arrays, whereas pole–dipole array could detect all four

cavities. Later on, with inclusion of 1 m coal as a barrier in

the model, the dipole–dipole array could be able to bring

the signature of cavities, whereas pole–dipole and Wenner–

Schlumberger configuration is unable to provide any sig-

nature. Similar resistivity responses are noticed for air fil-

led cavities with and without barrier conditions. When all

three arrays data are jointly inverted, there is a significant

improvement in resistivity response which enables the

detection of water filled as well as air filled cavities with

and without a barrier.

Keywords Cavity � Electrical resistivity imaging � Joint
inversion � Array

Introduction

The detection of subsurface old abandoned cavities is a

challenging problem for the ground stabilization in the

Eastern Indian coalfields. For exploration and exploitation

of coal from deeper coal seams, it is appropriate to identify

unknown cavities to avoid accidents such as ground sub-

sidence. Geologically Raniganj coalfield is situated within

Damodar Basin in eastern part of India. Its shape is semi

elliptical, elongated and extended up to 3000 km2 and

geographically lies between latitudes 23�030 and 23�510N
and longitudes 86�420 and 87�280E. Geological formations

in Raniganj coalfield are Talchir, Barakar, Barren Mea-

sures, Raniganj and Panchet formations. These formations

lie over a basement of magnetic gneisses of Precambrian

era. Here coal bearing formations are Barakar and Raniganj

formations whereas Barren Measures and Panchet forma-

tions are lacking of coal seams.

There are several geophysical techniques to detect

subsurface cavities based on their physical properties.

Electrical resistivity is one such geophysical technique

based on conductivity contrast. Usually, high conductivity

contrast is observed over water filled cavities which helps

in detection. Many researchers have used electrical resis-

tivity technique to interpret subsurface cavities under var-

ious geological condition (Logn 1954; Van Nostrand and

Cook 1966; Hallof 1966; Zohdy 1969; Zohdy et al. 1973;

Singh and Jha 1972; Jain et al. 1973; Stanley et al. 1976;

Loke and Barker 1996a; Reynolds 1997; Maillol et al.

1999; Van Schoor 2002; Colella et al. 2004; Dahlin and

Zhou 2004; Maillet et al. 2005; Martinez et al. 2009).
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Griffiths and Barker (1993), Zhou et al. (2000) and Thomas

and Roth (1999) showed a comparison study among twelve

methods including four geophysical techniques in the field

of sinkhole and subsurface cavity identification. Electrical

resistivity tomography survey has been widely used in

aquifer researches (Evangelos et al. 2015), environmental

and engineering purpose (Chambers et al. 2006; Rucker

et al. 2010), hydrogeological (Wilson et al. 2006), mineral

exploration (Bauman 2005; Legault et al. 2008) and

archaeological (Tsokas et al. 2008). Hutchinson et al.

(2002) demonstrated a comparison study among various

geophysical methods for void detection. Chalikakis et al.

(2011) showed an overview on the contribution of geo-

physical methods to karst system exploration. Riddle

(2012) discussed about all geophysical techniques and their

advantages as well as limitations for near surface tunnels

and voids detection. Johnson et al. (2002) showed the

advantages and disadvantages of all surface geophysical

methods for detection of underground mine working. ERI

method is used extensively to image the subsurface cavities

with greater resolution in shorter time.

Soil gas sampling (222Rn, 220Rn, CO2) has been used as

a technique for abandoned cave detection. Many

researchers have identified that radon concentration has

been building in coal basin, mine working and in caves

(Cigna 2005; Clark 2002; Gillmore et al. 1999; Hakl et al.

1997; Jovanovic 1996; Ntwaeaborwa et al. 2004). Bon-

darenko et al. (1983) described a radon-mapping technique

for detection of the under superficial emptiness. This

method defines the streams of radon from soil in border of

karstic caves and old galleries.

Combination of different geophysical methods have

been used for different geological structures such as: ver-

tical electrical sounding and electrical resistivity tomog-

raphy (ERT) in saline domain (Zarroca et al. 2011); soil

gas sampling (222Rn, 220Rn, CO2), ERT and seismic

refraction profiles in fault zone (Zarroca et al. 2012). This

combined approach has been used for subsurface cave

detection as: ground penetrating radar (GPR) and ERT

(Leucci and De Giorgi 2005; El-Qady et al. 2005; Carbonel

et al. 2013; Leucci 2006; Carpenter and Ekberg 2006;

Lazzari et al. 2010); gravity and ERT (McGrath et al. 2002;

Gambetta et al. 2011); ERT and seismic reflection

tomography (SRT) (Cardarelli et al. 2010; Valois et al.

2010); microgravity (MG), GPR, ERT, Induced polariza-

tion (IP) (Brown et al. 2011); SRT and seismic Resonance,

cross hole, ERT, gravity, magnetometry (M) and electro-

magnetic (EM) (McCann et al. 1987); EM, ERT, SRT

(Bozzo et al. 1996); ERT and magnetometry (Gibson et al.

2004).

However, the imaging of subsurface cavities with vari-

ous arrays has its own limitation and can produce different

geoelectrical results. Wenner and Wenner–Schlumberger

arrays have high vertical resolution, while dipole–dipole

and pole–dipole arrays have high lateral resolution (Ward

1990). Stummer et al. (2004) suggested that combined data

sets coming from different configurations carry more

information than the individual data sets. de la Vega et al.

(2003) suggested that combined inversion results have

higher depth of investigation as well as lateral resolution

compared to the inversion results obtained from each

arrays separately. Later, Athanasiou et al. (2007) examined

resistivity imagining data using combined weighed inver-

sion for different array types. This study improves the

interpretation in complex geological structures and pro-

duces a reliable geoelectrical model of subsurface.

There is no numerical study available on subsurface

cavity detection considering board and pillar mining

environment. In the present study, an attempt has been

made to model numerically the resistivity response over

water filled and air filled cavities associated old abandoned

coal workings using ERI technique. Besides, joint inver-

sion study was also undertaken considering Wenner–Sch-

lumberger, dipole–dipole and pole–dipole electrode arrays.

Model simulation

In the absence of field resistivity data, the forward mod-

elling approach is very useful to generate the resistivity

response over subsurface cavities with water filled and air

filled. Usually RES2DMOD software (Loke and Barker

1996a) has been used extensively to obtain apparent

resistivity pseudo sections over synthetic models. This

Fig. 1 Geometry of electrode configurations (x = p, a = dipole

length and n = dipole separation factor): a dipole–dipole configura-

tion; b pole–dipole configuration; c Wenner–Schlumberger

configuration

cFig. 2 Inversion results: a Resistivity model 1 employed; b inverted

section using dipole–dipole array; c inverted section using pole dipole

array; d inverted section using Wenner–Schlumberger array; e jointly
inverted section using dipole–dipole, pole–dipole and Wenner–

Schlumberger array
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software is based on the finite element method

scheme which divides the subsurface into a number of

rectangular meshes used to forward resistivity calculation.

Four geological models have been simulated by assigning

different resistivity values in rectangular mesh. A homo-

geneous near surface has been considered for every model.

It has been assumed that cavities are fully air or water

filled. Any air filled void space practically has an infinite

resistivity. However, RES2DMOD software does not allow

infinitive resistivity value. Therefore, a resistivity value

1,000,000 Xm has been taken to simulate similar condi-

tions. Water filled cavity resistivity is considered as 2 Xm.

The resistivity values for different formations have been

assumed based on published literature (Palacky 1987).

Variable pillar and galleries sizes have been considered for

this numerical study in ordered to make the model more

realistic. The exploited coal seam with pillars and galleries

are simulated in the model considering presence and

absence of coal barrier. These models were considered with

using the concept given by Mohanty (2011). For every

model, a multi electrode configuration of 30 equally spaced

electrode with spacing 6.5 m has been applied. Figure 1a–c

shows the geometry of three electrode configurations where

AB and MN are current electrode separation (a) and

potential electrode separation (a), respectively. K is the

geometrical factor. Gaussian distributed random noise of

3 mV/A peak-to-peak amplitude has been added with the

synthetic data for field environment simulation in order to

make the models more realistic.

Model 1 (Fig. 2a) represents the geological model

assuming a water filled cavity without a coal barrier. This

model consists of four layered earth with different geo-

logical formations. The geological formations are loose

sand/alluvium, weathered rock, coal seam (alternate pillars

and galleries) and shale. The model dimensions are 186 m

in length and 60 m in depth. Here, the gallery widths are

kept constant as 6.5 m with variable pillars ranging from

19.5 m to 45.5 m. The resistivity values used for forward

modelling is given in Table 1.

Model 2 (Fig. 3a) shows geological model water filled

cavities with 1 m coal barrier as a roof over the working

coal seam. The exploited coal seam has four cavities which

are not equally spaced. The model length is 186 m and

depth has been kept to 90 m, whereas cavity dimension has

been kept 6.5 m in length and 4 m in width. Resistivity

values used for forward modelling are given in Table 2.

Model 3 (Fig. 4a) represents the geological model iden-

tical to the model 1 except the galleries are replaced by air

filled cavities. All other model parameters and geological

formations have been kept identical as model 1.The

resistivity values used for forward modelling are given in

Table 3.

Model 4 (Fig. 5a) shows in Fig. 4a consists of five

layers including a thin barrier of 1 m above the exploited

coal workings. The model dimensions are 186 m in

length and 100 m in depth. The gallery widths are kept

constant as 6.5 m with variable pillars width ranging

from 32.5 m. The height of the coal working is kept at

4 m. Resistivity values used for the forward model are

given in Table 4.

Later inversion procedure of apparent resistivity pseudo

section has been conducted using RES2DINV software

which is based on the smoothness-constrained least-squares

method (deGroot-Hedlin and Constable 1990; Sasaki 1989;

Loke et al. 2003).

Inversion of resistivity data

The inversion process has been computed using

RES2DINV. It is based on smoothness constrained least-

squares method (deGroot-Hedlin and Constable 1990;

Sasaki 1992; Loke et al. 2003) which is based on the fol-

lowing Eq. (1):

ðJT þ kFÞDqk ¼ JTg� kFqk ð1Þ

F ¼ aXC
T
XCX þ aZC

T
ZCX

CX and CZ are horizontal and vertical roughness filters,

J is Jacobean matrix of partial derivatives, JT is the

transpose of J, k is damping factor, q is model change

vector, g is data misfit vector, aX and aZ are relative

weights given to the smoothness filter in X and Z direc-

tion, q is model resistivity values, k is the number of

iteration, Dqk is the change in model parameter for kth

iteration.

Loke et al. (2003) used cell based inversion technique

for adequately model complex structures with an arbitrary

resistivity distribution. The 2D model implemented in this

software divides the subsurface into rectangular blocks

Table 1 Resistivity values of different layers of model 1

Model layers Resistivity (Xm)

Loose sand/alluvium 393

Weathered rock 550

Coal 850

Water filled cavity (WFC) 2

Shale 64
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Fig. 3 Inversion results: a Resistivity model 2 employed; b inverted

section using dipole–dipole array; c inverted section using pole–

dipole array; d inverted section using Wenner–Schlumberger array;

e jointly inverted section using dipole–dipole, pole–dipole and

Wenner–Schlumberger array
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whose positions and sizes are fixed (Loke et al. 2003) and

the resistivity of each block are modified in an iterative

manner to minimize the difference between measured and

calculated apparent resistivity values. The approach as used

by Sasaki (1992) and Loke et al. (2003) have been used

where the widths of the blocks are set at half the spacing

between adjacent electrodes. This method gives better

result in case of smooth variation of subsurface geology

(Loke and Barker 1996b).

Results

Four geoelectrical models were considered assigning for

resistivity imaging study using inversion of arrays sepa-

rately and joint inversion approach.

Model 1

Figure 2b, c, d represent inverted resistivity sections over

model 1 corresponding to dipole–dipole, pole–dipole and

Wenner–Schlumberger electrode array respectively. It is

evident that dipole–dipole and pole–dipole inverted resis-

tivity section clearly bring out the water filled cavities in

comparison to inverted section corresponding to Wenner–

Schlumberger. This might be due to poor lateral resolution

of Wenner–Schlumberger array. The dipole–dipole inver-

ted resistivity section (Fig. 2b) clearly imaged four sub-

surface cavities due to strong resistivity contrast exist in the

lateral direction. Resistivity values greater than 504 Xm
indicates presence of coal pillars, whereas low resistivity

value around 358–504 Xm indicates galleries with water-

logged. But pillars and galleries are not properly delin-

eated. Figure 2c approached close to the target depth

corresponding to top of water filled cavity. Here, high

resistivity value greater than 440 Xm corresponds to coal

pillars and low resistivity values nearly about 440 Xm
indicates water filled galleries. Figure 2d represents the

low resistivity values of 211 Xm against galleries and high

resistivity value of 500–668 Xm against coal pillars. In

order to improve the interpretation, joint inversion has been

carried out using all the three arrays. Joint inverted resis-

tivity section is shown in Fig. 2e. In this inverted section,

galleries as well as pillars have been image very clearly.

Low resistivity value of 328 Xm corresponds to galleries

and high resistivity 519 Xm indicates the coal pillars.

Model 2

Figure 3b, c, d illustrates inverted resistivity sections cor-

responding to dipole–dipole, pole–dipole and Wenner–

Schlumberger electrode array respectively for water filled

cavities with coal barrier. Only dipole–dipole array could

able to identify three water filled cavity and coal pillars

individually where as other two arrays was could not detect

the cavities. In Fig. 3b, low resistivity value of

300–370 Xm zone at depth between 15 and 25 m due to

water filled cavity and high resistivity value of

370–430 Xm indicates the presence of coal pillars. Sub-

sequently, three array data was jointly inverted which was

shown in Fig. 3e and it succeed to delineate water filled

cavity very clearly in presence of coal barrier and coal

pillars. High resistivity (437 Xm) area indicates coal pillars

and high resistivity value of 310–370 Xm areas indicates

water filled galleries. Here three cavities are very clear and

the forth one (located at 165 m) is at the edge of the

inversion area.

Model 3

Figure 4b, c, d illustrates inverted resistivity sections over

model 3 corresponding to dipole–dipole, pole–dipole and

Wenner–Schlumberger array, respectively. It is observed

that the pole–dipole inverted section clearly bring out three

air filled cavities with large resistivity value in comparison

with section for dipole–dipole and Wenner–Schlumberger

array. In Fig. 4b, the high resistivity value greater than

619 Xm corresponds to air filled cavities whereas the coal

pillars corresponding to low resistivity values in the range

of 544–619 Xm. In this section, galleries and coal pillars

were not delineated properly. Inverted resistivity section

for pole–dipole array was shown in Fig. 4c. Like earlier

model it also indicates high resistivity value of 616 Xm
against galleries and low reactivity value of 544–616 Xm
against solid coal galleries. Figure 4d corresponding to

Wenner–Schlumberger array failed to delineate void and

coal pillars. But only a high resistive area has been

observed. The joint inverted section shown in Fig. 4d has

significantly improved the result. Here all four galleries

with resistivity value of 584 Xm and pillars with resistivity

Table 2 Resistivity values of different layers of model 2

Model layer Resistivity (Xm)

Loose sand/alluvium 550

Weathered rock 393

Coal 850

Shale 100

Water filled cavity (WFC) 2
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Fig. 4 Inversion results: a Resistivity model 3 employed; b inverted

section using dipole–dipole array; c inverted section using pole–

dipole array; d inverted section using Wenner–Schlumberger array;

e jointly inverted section using dipole–dipole, pole–dipole and

Wenner–Schlumberger array
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values of 584 Xm were delineated very clearly in com-

parison to other three inverted section separately.

Model 4

Figure 5b, c, d indicates the inverted resistivity section

over model 4 for dipole–dipole, pole–dipole and Wenner–

Schlumberger electrode array. Here, all the three array

have been unbaled to provide any significant resistivity

response over air filled cavity in presence of coal barrier.

This might be due to the presence of high resistive coal

barrier above the exploited section which prevents cavity

detection. Figure 5e presents joint inverted model section

of all three array and able to produce a better image over

the cavities. High resistivity values of 417–715 Xm indi-

cate air filled cavities and low resistivity value of

290–417 Xm indicate solid coal pillars.

Table 5 shows the differences and quantifying errors

between various electrode configurations for above four

models.

Maillol et al. (1999) suggested that it is impossible to

delineate empty galleries as high resistivity coal seam

prevent an adequate detection and only possible hint of the

presence of a void is the generally maximum values of

resistivity. However, the joint inversion allows us to detect

empty galleries with and without coal barrier.

Mohanty (2011) showed that air filled cavities with and

without coal barrier can be detected and delineated clearly

using seismic reflection method. In case of water filled

cavities with a coal barrier this method did not work to

detect and delineate targets, whereas water filed cavities

without a coal barrier can be detected with a poor signa-

ture. The joint inversion of electrode arrays is a superior

technique to detect water or air filled cavities with or

without a coal barrier. The present study shows that the

joint inversion of different electrode arrays may be useful

when seismic reflection method failed to provide signifi-

cant response.

Conclusions

The following conclusions are arrived from the present

study

1. The inverted resistivity section for pole–dipole elec-

trode array corresponding to water filled cavity without

barrier (model 1) detected four cavities, whereas

dipole–dipole and Schlumberger array could detect

three out of four water filled cavities. When all the

three arrays are jointly inverted, the result improved

significantly with detection and delineation of all four

water filled cavities.

2. In case of model 2, the inverted resistivity section

corresponding to the result from dipole–dipole array

provides only three water filled cavities with a coal

barrier, whereas pole–dipole and Schlumberger arrays

type could not detect any of the cavities. When all the

three array data are jointly inverted, the resistivity

section clearly brings out all three cavities and the

fourth one (located at 165 m) is at the edge of the

inversion.

3. Similar study has been undertaken by replacing water

filled cavities with air filled cavities in model 3. The

inverted result for model 3 using dipole–dipole, pole–

dipole and Wenner–Schlumberger array was unable to

distinguish subsurface cavities. However, a high resis-

tive layer was detected which may be the overall

response of air filled cavities, whereas the jointly

inverted section for these three arrays significantly

improved the result with detection and delineation of

four air filled cavities.

4. Finally, the inverted resistivity section was generated

considering air filled cavities with barrier in model 4.

The inverted sections of three arrays were unable to

detect air filled cavities in the presence of a coal

barrier, whereas, the jointly inverted resistivity section

for three arrays was able to delineate four cavities

clearly.

5. It is observed that the inverted resistivity section (for

model 2, 3, 4) against single array could not produce

meaningful interpretation due to its limitation. How-

ever, when it is jointly inverted, the inverted resistivity

section improves the interpretation significantly in

detecting four cavities with or without a barrier. This

might be due to joint inversion of arrays with various

properties. In this approach, it combines dipole–dipole

and pole–dipole arrays which are very sensitive to

horizontal variation and Wenner–Schlumberger which

Table 3 Resistivity values of different layers of model 3

Model layer Resistivity (Xm)

Loose sand/alluvium 393

Weathered rock 550

Coal 850

Shale 64

Air filled cavity (AFC) 1,000,000
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Fig. 5 Inversion results: a Resistivity model 4 employed; b inverted

section using dipole–dipole array; c inverted section using pole–

dipole array; d inverted section using Wenner–Schlumberger array;

e jointly inverted section using dipole–dipole, pole–dipole and

Wenner–Schlumberger array
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is very sensitive to vertical variation in the subsurface

resistivity.

6. Finally, it can be concluded that joint inversion is a

very useful technique for a better subsurface image in

case of complex geological condition. Also, it can be

noted that this approach is an important part for

planning of deeper coal seam mining under cavity zone

and stabilized the surface.
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