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ABSTRACT: Authors has been involved in carrying out hundreds of geotechnical subsurface characterization projects 

in which geophysical methods (electrical resistivity tomography, ground penetrating radar and seismic refraction meth-

od) were integral part. The projects were performed in diversity of environments (including coast, mountain and desert) 

while the projects'  targets were widely ranged including lithological and geo-technical characterizations,  karsts discov-

ery, landfill studying, soil sliding observation, pavement evaluations and so on.  Such a variety of environmental condi-

tion as well as the diversity of projects' goals enables one to accumulate a wide experience in the field of cost-effective 

integration of geophysical and geotechnical methods and develop common methods of their application. The purpose of 

this article is to consider a general approach to post-processing of geophysical engineering methods the output of which 

is understandable to engineers / project managers. This general approach is discussed in the article with two examples. 

The results of application of geophysical methods were the basis for decision making for application geotechnical 

methodology and vise versa the results of application of geotechnical methods were used for crosschecking the geo-

physical data received.  
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1. Introduction 

The engineering geophysical methods being modern 

and fashionable for the subsurface study are mainly 

nondestructive, less risky and time-consuming, cover 

larger areas than control wells point-wise methods. 

However, their application requires significant experi-

ence for collected data interpreting and avoiding uncer-

tainties. Of the many geophysical methods, three are 

most often used: electrical resistivity tomography 

(ERT), ground penetration radar (GPR) and seismic re-

fraction method (SR). The ERT method is widely used 

to determine the characteristics of subsoil, since the val-

ue of electrical resistivity is sensitive to soil physical 

properties. The use of 2D and 3D measurement and 

post-processing schemes significantly improved the 

quality of the ERT data obtained. In a GPR survey, 

transmitting and receiving antennae are placed on the 

ground surface and electromagnetic (EM) waves are in-

jected into the ground from the transmitter antenna. Re-

flected EM waves from subsurface geological bounda-

ries or objects are then received by the receiving 

antenna. The SR method is based on the phenomenon of 

refraction of elastic waves from the boundaries of un-

derground layers with different elastic properties. The 

SR method is applicable if the speed of an elastic wave 

increases with the depth that is the usual situation in the 

near surface in a rock/soil site. 

The geophysical methods suffer from many limita-

tions and sometimes give non-unique results, the use of 

which for building planning can be unfair. Two main 

approaches have been developed to improve the quality 

of underground data obtained by geophysical methods. 

The first method consists of applying several geophysi-

cal methods [1-9]. However this way of application is 

highly time-consuming and expensive. An alternative 

method involves using 3D or quasi-3D methods of data 

acquisition and processing [10-13]. Despite the un-

doubted advantages of three-dimensional methodology, 

its engineering application is still limited, due to the 

high cost and significant time for data acquisition and 

processing [12,14]. It is seen, the time-consumption and 

cost of application are the disadvantages in both cases 

that restricts the wide utilization of engineering geo-

physical methods. Another problem in their application 

is the misunderstanding in communication with the site 

engineers/project managers who being faced with the 

dilemma of risk/safety assessment, drilling planning and 

assessing the bearing capacity of the earth's surface are 

hardly understand the concept of geophysical anomaly. 

On the contrary, the concept of the probability of anom-

alies is more understandable for them, and then its as-

sessment is often requested. Our analysis shows that, 

despite this requirement, an estimate of the probability 

of anomalies is still rarely used to process engineering 

geophysics data [15-17]. Here we present a method for 

assessing the probability of geophysical anomalies (both 

positive and negative). It should be noted that the meth-

odology considered here does not exclude or replace 

any mandatory stage of  geophysical data processing, 

e.g. synthetic modeling, filtering, processing, inversion, 

etc., rather, it can be used at the stage of data evaluation, 

subsurface modeling and interpretation. 

 



 

2. Assessing the probability of geophysical 

anomaly 

The methodology has been developed in geo-

statistics based on the definition of normalized statisti-

cal quantity (NQ) [15,18,19]:  𝑁𝑄 = 𝑋−𝑋̅𝜎𝑋  (1) 

where X is the measured parameter, 𝑋̅ and   𝜎𝑋2  are the 

mean and variance estimates, typically interpreted as 

background quantity and its stability, respectively. We 

then denote X,  𝑋̅ and   𝜎𝑋2  to be processed value of   

geophysical parameter, its mean and its variance, re-

spectively.  

The probability function is then calculated as follows 

[18]: 

𝑁𝑄 = { 
 0.5(1 + √1 − 𝑒−2𝑁𝑄2𝜋 ), 𝑁𝑄 ≥ 01 − 0.5(1 + √1 − 𝑒−2𝑁𝑄2𝜋 ), 𝑁𝑄 < 0 (2a)  

 

for positive anomalies, e.g. air-filled underground karst  

characterized by high electrical resistivity;  

or  

𝑁𝑄 = {  
  0.5 (1 + √1 − 𝑒−2𝑁𝑄2𝜋 ) ,𝑁𝑄 < 0
1 − 0.5(1 + √1 − 𝑒−2𝑁𝑄2𝜋 ), 𝑁𝑄 ≥ 0 (2a)  

for negative anomalies, e.g. water/clay-filled under-

ground karst characterized by low  electrical resistivity. 

Here we present two examples of the application of a 

methodology on the basis of the analysis of electrical 

resistivity tomography data, while our experience shows 

that it is successfully used to process the GPR and SR 

data as well. 

3. The example of positive anomaly 

processing 

A positive anomaly means that the anomalous value 

is above the average, e.g. high resistivity caused by the 

presence of karst filled with air, high values of the prop-

agation velocity of elastic or electromagnetic waves, 

measured during seismic or GPR surveys, and so on.  

The presented study was carried out at the Southern 

Israel. The presence of numerous underground artificial 

caves with a diameter of about 3-4 m each complicated 

the construction process on the site, even making it to 

be dangerous. The exposed rocks consist of  several 

kinds of chalk occasionally inter-bedded with flint and 

marl, and covered by the relatively thick caliche calcar-

eous crust. The typical chalk properties are as follows:  

uniaxial compressive strength is 12±3MPa, Young 

Modulus  - 30±6GPa, Poisson ratio - 0.33±0.03. 

The ERT method was used to search for cavities. 

More than 100 2D ERT lines were carried out. The 

length of lines ranges 72–204 m while the distance be-

tween nearby electrodes was 3 m. All measurements 

were carried out using Direct and Reverse Dipole-

Dipole arrays merged as a unified file to improve the 

data repeatability. The collected ERT data has been in-

verted using commercial package EarthImager 2D 

(AGI, Inc) while the topographic effect was systemati-

cally taken into account. We utilized smoothness-

constrained least squares technique for the anomaly 

finding together with finite element method for the for-

ward resistivity calculations. The procedure also includ-

ed subsurface division by the number of layers consist-

ing of rectangles, and minimizing the difference 

between the calculated and the apparent resistivity. The 

unit size of each model cell was half the distance be-

tween the electrodes [12]. To avoid the appearance of 

artifacts, the inversion procedure was interrupted when 

the RMS error was less than the expected noise level 

(determined during the repeatability test) or the normal-

ized L2 norm was reduced to unity. The procedure for 

processing the inverted resistivity data consisted of sev-

eral stages:  

(a) Distinguishing a boundary between two layers 

and extracting the data set corresponding to the chalk 

layer from the entire data set. Figure 1a shows the ex-

ample of the full section of inverted electrical resistivi-

ty. The first step is to extract accurately the "goal layer" 

(the chalk layer including the underground caves). Fig-

ure 1b portrays inverted electrical resistivity cross-

section of chalk layer extracted from the entire inverted 

resistivity data set (Fig. 1a). The procedure can be done 

by several ways: 1. manually - the boundary between 

the upper layer and the "goal layer" can be defined at 

the point of the maximum density of the curves of equal 

resistivity at the region of a supposed boundary, 2. cal-

culating the point of maximum gradient of electrical re-

sistivity at the region of a supposed boundary, 3. using 

the statistical procedure [20] based on the analysis of 

changes of standard deviation (confidence interval at the 
95% level). 

(b) Statistical analysis of the extracted data set, the 

aim of which was accurate defining the background val-

ue of electrical resistivity 𝑋̅  and its standard deviation  𝜎𝑋. 

(c) Normalization the electrical resistivity of the ex-

tracted data set (Eqs. 1). 

(d) Calculation the probability function (Eqs. 2) and 

building corresponding cross-sections for the rock stra-

tum including underground anomaly (Fig. 1c). It can be 

seen that such a cross-section demonstrates an anomaly 

with a selected level of probability and can be clearly 

understood by the project manager.  

More than 30 underground cavities were located 

based on a probability level of anomalies of at least 

90%, and then confirmed by drilling/excavation cam-

paign. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
Figure 1. The example of the positive anomaly 

processing: inverted electrical resistivity section 

consisting of the entire data set (a), the partial section 

including only inverted electrical resistivity data 

associated with the chalk layer - the "goal layer" (b), 

which was "extracted" from the entire inverted 

resistivity data set,  the probability cross-sections for the 

chalk layer including underground anomaly (c). 

4. The example of negative anomaly 

processing 

A negative anomaly means that the anomalous value 

is lower the average, e.g. low resistivity caused by the 

presence of karst filled with water/clay or leachate pres-

ence in the subsurface, low values of the propagation 

velocity of elastic or electromagnetic waves, measured 

during seismic or GPR surveys, and so on.  

The site under study was a V-shaped erosion valley, 

naturally formed in chalky rocks located at the central 

Israel. The survey was motivated by intensive surface 

disintegration and the need to understand the reason for 

the instability of the site surface. The working hypothe-

sis was that the rupture of the surface was caused by the 

sliding of the subsurface layers due to increase in its 

moisture content. The combined ERT/induced polariza-

tion (IP) method was used to estimate moisture content: 

8 ERT/IP lines of 130–240 m in length were performed 

with a 5-m electrode spacing. The data acquisition, pre-

processing and inversion procedures were similar to 

those considered in Sect 3. Figure 2a shows the results 

of the resistivity inversion. 

 

 

 

 

 
Figure 2. The example of the negative anomaly 

processing: inverted electrical resistivity section 

consisting of the entire data set (a), the subsurface 

probability cross-section including underground 

anomaly (b). 

It is seen (Fig. 2a) that the site subsurface consists of 

three layers of different resistivity. Our experience 

shows that for an accurate assessment of moisture con-

tent in underground conditions, one parameter (value of 

electrical resistivity in this case) is not enough. In order 

to avoid inaccuracy in the assessment, the ratio of elec-

trical resistivity to chargeability was used. This parame-

ter was then used for statistical data post-processing. 

Figure 2b shows the same profile processed using the 

methodology discussed in Section 2. It is seen, the 

probability anomalies being more localized are quite 

different from the resistivity anomalies.  The probability 

cross-sections were then used to construct an accurate 

model of the subsurface area (Fig. 3), where the zones 

with a high moisture content (marked in blue) are char-

acterized by the probability value of more than 90%. 

The vertical section of the model was distinguished into 

three horizons (see blue horizontal lines in Fig. 3). The 

Upper horizon mainly consisted of rather dry soil with 

disconnected lenses of high moisture content. The soil 

condition of the Intermediate horizon is quite similar to 

the Upper horizon while the zones of high moisture con-

tent were mainly discovered at the site bottom.  

 

 
 

Figure 3. The example of the model of site subsurface 

built on the basis of probability cross-sections. The 

zones of the high moisture content (marked in blue) are 

characterized by the probability value of more than 

a) 

b) 

c) 

a) 

b) 



 

90%. The arrows portray the water movement under 

surface that caused disintegration of the Earth surface.  

Note that the probability anomalies were confirmed 

by the results of drilling campaign, DPSH tests and in-

clinometer measurements. Being statistically sound, this 

model was used for decision making by the project 

manager.  

5. Conclusion 

The method for assessing the probability of engineer-

ing geophysical anomalies (both positive and negative) 

is considered. It is shown that the underground anoma-

lies can be located on the basis of specific level of prob-

ability (e.g. 90%) and then be confirmed by drill-

ing/excavation campaign. 

The serious advantage of the probability criterion 

considered here is its independence from any specific 

value of geophysical parameters and site subsurface 

condition that is why it admits to be utilized for anoma-

lies comparison at different zones of even highly heter-

ogeneous site. As we noted above, estimation of a like-

lihood of a geophysical anomaly is often a requirement 

of project principals due to necessity of risk/safety as-

sessment. The presented methodology supplies obligato-

ry and understandable information to project principals 

for decision making that is its additional advantage. 

 

Acknowledgement 

VF would like to thank British Council Lectureship 

Grant ("UK-Israel" dated 6.11.2018) and Sami Sha-

moon College of Engineering Grant No. 

YR03/Y17/T1/D3/Yr1 for the financial support as well 

as the Mathematical Dept. of Aberystwyth University 

for its warm hospitality that permitted a thorough study 

of the problem.  

 

References 

[1] Leucci, G., De Giorgi, L. "Integrated geophysical 

surveys to assess the structural conditions of a 

karstic cave of ar-chaeological importance", Natural 

Hazards and Earth System Sciences, 5, pp. 17–22, 

2005. SRef-ID: 1684-9981/nhess/2005-5-17. 

[2] Wilkinson, P., Chambers, J., Meldrum, P., Ogilvy, 

R., Mellor,C. "A Comparison of Self-Potential 

Tomography with Electrical Resistivity 

Tomography for the Detection of Abandoned 

Mineshafts",  Journal of Environmental & 

Engineering Geophysics, 10, pp. 381–389, 2005. 

https://doi.org/10.2113/JEEG10.4.381. 

[3] El Khammari, K., Najine, A., Jaffal, M., Aıfa, T., 
Himi, M., Vasquez, D., Casas, A., Andrieux, P. 

"Imagerie combinee geoelectrique–radar 

geologique des cavites souter-raines de la ville de 

Zaouit Ech Cheikh (Maroc)", C. R. Geoscience, 

339, pp. 460–467, 2007. 

https://doi.org/10.1016/j.crte.2007.06.001. 

[4] Kim, J.-H., Yi, M.-J., Hwang, S.-H., Song, Y., Cho, 

S.-J., Synn, J.-H. "Integrated geophysical surveys 

for the safety evaluation of a ground subsidence 

zone in a small city", Journal of Geophysics and 

Engineering, 4, pp. 332–347, 2007. 

https://doi.org/10.1088/1742-2132/4/3/S12. 

[5] Guerin, R., Baltassat, J.-M., Boucher, M., 

Chalikakis K., Gal-Ibert, P.-Y., Girard J.-F., 

Plagnes, V., Valois, R. "Geophysical 

characterisation of karstic networks – Application 

to the Ouysse system (Poumeyssen, France)", C. R. 

Geoscience, 341, pp. 810-817, 2009. 

https://doi.org/10.1016/j.crte.2009.08.005. 

[6] Cardarelli, E., Cercato, M., Cerreto A., Di Filippo 

G. "Electrical resistivity and seismic refraction 

tomography to detect buried cavities", Geophysical 

Prospecting, 58, 685–695, 2009. 

DOI:/10.1016/j.jappgeo.2009.02.009. 

[7] Shaaban, F., Habeebullah,  T. M., & Morsy, E. A., 

Gabr, S. "Ground penetrating radar and 2D electric 

resistivity studies for tracing hydrocarbon leakage 

site, close to Abha City: a case study", Arab. J. 

Geosci., 9, 754-782, 2016. 

https://doi.org/10.1007/s12517-016-2706-1. 

[8] De Guevara-Torres, M. L. Peinado-Guevara, H. J., 

Delgado-Rodríguez, O., Shevnin, V., Herrera-

Barrientos, J., Belmonte-Jiménez,  S.I., Peinado-

Guevara, V. M. "Geoelectrical and Geochemical 

Characterization of Groundwater in a shallow 

Coastal aquifer" Pol. J. Environ. Stud., 26(4), pp. 

1511-1519,2017. https://doi.org/ 

10.15244/pjoes/68423. 

[9] Sastry, R. G., Chahar, S., Viladkar, M. N. 

"Statistical analysis of geo-electric imaging and 

geotechnical test results – a case study", J. Earth 

Syst. Sci. 127, 62-80, 2018. DOI: 10.1007/s12040-

018-0963-y. 

[10]  Chalikakis, K., Plagnes, V., Guerin, R., Valois, R., 

Bosch, F.P. "Contribution of geophysical methods 

to karst-system exploration: an overview", 

Hydrogeology Journal, 19, 1169–1180, 2011. 

https://doi.org/10.1007/s10040-011-0746-x. 

[11]  Kaufmann, O., Deceuster, J., Quinif, Y. "An 

electrical resistivity imaging-based strategy to 

enable site-scale planning over covered paleo-karst 

features in the Tournaisis area (Belgium)", 

Engineering Geology, 133–134, 49–65, 2012. DOI: 

10.1016/j.enggeo.2012.01.017. 

[12]  Loke, M. H, Chambers, J. E., Rucker, D. F., Kuras, 

O., Wilkinson, P. B. "Recent developments in the 

direct-current geoelectrical imaging method", 

J.Appl.Geophys.,95,135–156,2013. 

https://doi.org/10.1016/j.jappgeo.2013.02.017.  

[13]  Loke, M. H., Dahlin, T., Rucker, D. F. 

"Smoothness-constrained time-lapse inversion of 

data from 3D resistivity surveys", Near surface 

geophysics, 12, 5–24, 2014. 

https://doi.org/10.3997/1873-0604.2013025. 

[14]  El Waseif, M., Slater, L. "Quantifying tomb 

geometries in resistivity images using watershed 

algorithms", Journal of Ar-chaeological Science, 

37, 1424–1436, 2010. 

https://doi.org/10.1016/j.jas.2010.01.002. 

[15]  Karger, M., Sandomirsky, S. "Multidimensional 

statistical technique for detection of low contrast 

https://doi.org/10.2113/JEEG10.4.381
https://doi-org.ezproxy.bgu.ac.il/10.1016/j.crte.2007.06.001
https://doi-org.ezproxy.bgu.ac.il/10.1016/j.crte.2009.08.005
https://doi-org.ezproxy.bgu.ac.il/10.1016/j.jappgeo.2009.02.009
https://doi-org.ezproxy.bgu.ac.il/10.1016/j.enggeo.2012.01.017
https://doi-org.ezproxy.bgu.ac.il/10.1016/j.jappgeo.2013.02.017


anomalies", Journal of geochemical exploration, 72, 

pp. 47-58, 2001. https://doi.org/10.1016/S0375-

6742(00)00162-X. 

[16]  Frid, V., Averbach,A., Frid, M., Dudkinski, D.,  

Liskevich, G. "Statistical Analysis of Resistivity 

Anomalies Caused by Underground Caves", Pure. 

Appl. Geoph. 174(3),  pp. 997-1012, 2015.  

https://doi.org/10.1007/s00024-015-1106-x 

[17]  Frid, V., Itay Sharabi, I., Frid,, M., Averbach, A. 

"Leachate detection via statistical analysis of 

electrical resistivity and induced polarization data at 

a waste disposal site (Northern Israel)", Environ. 

Earth Sci., 76, pp. 233-250, 2017. 

https://doi.org/10.1007/s12665-017-6554-4. 

[18]  David, M. "Geostatistical ore reserve estimation". 

Elsevier Scientific, Amsterdam, 1977.  
[19]  Wackernagel, H. "Multivariate statistics" Springer, 

2003. 

[20]  Frid, V., Liskevich, G., Doudkinski, D., 

Korostishevsky N. "Evaluation of landfill disposal 

boundary by means of electrical resistivity 

imaging", Environ. Geol., 53, pp. 1503-1508, 2008. 
 https://doi.org/10.1007/s00254-007-0761-3 . 

https://doi-org.ezproxy.bgu.ac.il/10.1016/S0375-6742(00)00162-X
https://doi-org.ezproxy.bgu.ac.il/10.1016/S0375-6742(00)00162-X

