
 Journal of Mining and Earth Sciences, Vol 63, Issue 6 (2022) 45 - 52 45 

3D inversion of 2D electrical resistivity data for 
geotechnical analysis 

Dat Ngoc Pham 1,*, Kien Ngoc Pham 2, Phong Hop Lai 1, Ninh Thi 
Duong 1, Trang Hong Pham 1, Tuan Dang Tran 1 

1 Vietnam Academy of Science and Technology, Hanoi, Vietnam 
2 Hanoi University of Mining and Geology, Hanoi, Vietnam 
 
 

ARTICLE INFO 
 

ABSTRACT 

Article history: 
Received 07th May 2022 
Revised 24th Aug. 2022 
Accepted 13th Sept. 2022 

 Geophysical methods are effective tools for geotechnical analysis. In 
particular, the two-dimensional electrical resistivity method is widely 
applied in the determination of broken, cracked, and karst cave structures 
in many countries around the world. The information given by this method 
plays an important role in preventing and mitigating the risk of geological 
hazards caused by geological structures. Geotechnical analysis is also an 
important step in civil construction. However, the interpretation of two-
dimensional problems with individual sections still has certain limitations, 
such as the delineation of the spatial distribution of interesting objects in 
the entire survey area. We propose a new data processing procedure for the 
two-dimensional electrical resistivity methods based on rearranging the 
data as the input of three-dimensional inversion. If the distribution of survey 
lines is dense enough, we can use two-dimensional data to solve the three-
dimensional inverse problems. This inversion will give us a diagram of 
resistivity distribution in three-dimensional space, which is intuitive and 
high detail in identifying interesting objects. In this study, the authors have 
solved the three-dimensional inverse problems from the two-dimensional 
electrical resistivity survey carried out in the Hoa Lac area, west of Hanoi 
city. The result shows that the resistivity distribution in three-dimensional 
space not only increases the intuition but also the accuracy in reflecting the 
spatial distribution of hidden underground objects. This also defines the 
localization and determination of fracture zones in the study area as more 
reliable than explained in each section according to the results of solving 
two-dimensional inverse problems. The effectiveness of this new method 
has been proven when compared with drilling results in the studied area. 
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1. Introduction 

Ground crack and land subsidence occur 
ubiquitously over the world. They are the 
geological hazards caused by natural and 
geological conditions and human activities. These 
hazards adversely affect people’s lives and cause 
huge damage to many regions in Vietnam. For 
example, the Karst subsidences at Tan Hiep 
(Quang Tri province) in 2006; at Ham Yen and 
Yen Son (Tuyen Quang province) in 2007; at Mai 
Chau, Kim Boi (Hoa Binh province) in 2010. The 
land subsidence not only destroyed buildings and 
civil constructions but also led to the loss of 
freshwater supply. Thus, the study on positioning 
and determining the cause of these hazards is 
critically important to mitigate their risks in 
dangerous regions. 

Two-dimensional (2D) electrical resistivity 
tomography (ERT) method is widely used to 
investigate the caves and fracture zones in the 
subsurface. For instance, Szalai et al. (2014) and 
Duszyński et al. (2017) combine this method with 
other investigations to evaluate the structure and 
the link of the system of fractures and caves in the 
southwest region of Poland. In Vietnam, this 
method is also used to identify and forecast the 
risky regions related to ground crack and land 
subsidence (Doan and Vu, 2008; Le, 2012; Pham 
et al., 2018). 

In recent years, the three-dimensional (3D) 
ERT is becoming an effective tool for near-surface 
geophysical investigation. For example, it is 
applied for the monitoring of the movement of 
water through a vadose zone in Park (1998). 
Weller et al. (2000) and Ogilvy et al. (2002) 
investigate the waste deposit region using this 
method. Also, Represas et al. (2005) applied this 
method in mining investigation. The applications 
in archeology and vacant buildings are proposed 
in Sultan et al. (2006) and Soupios et al. (2007). 
Sultan and Monteiro Santos (2008) combine the 
1D and 3D ERT methods to distinguish the clay 
formations from the sand layers in the 
geotechnical investigation. In Vietnam, the 
application of 3D ERT for geotechnical analysis in 
civil construction is still rare. 

The 3D ERT is more accurate than the 2D 
method for figuring out 3D objects in the 
subsurface. The 2D method gives the cross-

section in a single tomography profile. The 
distribution of the objects is then correlated 
between the cross-sections in the study area. This 
correlation may lead to an inaccurate 
interpretation of 2D resistivity data. Meanwhile, 
the inversion of the 3D data generates a 
distribution of electrical resistivity in the volume 
of investigation such that the position of the 
objects is better determined. 

In this paper, we introduce our application of 
3D inversion of 2D ERT data set for geotechnical 
analysis at a civil construction in Hoa Lac (Hanoi, 
Vietnam). The result of the 3D is then compared 
to those of the 1D and 2D. The risky objects 
related to caves and fractures in the subsurface 
are better determined by the volumes of low 
resistivity in the 3D resistivity image. Thus, the 3D 
inversion of resistivity data is proposed to be used 
in other regions when detailed data is obtained. 

2. Materials and methods 

2.1. Study area and geological settings 

The study area is a civil construction located 
in a high-technology zone in Hoa Lac (western-
north of Ha Noi). It is 460 m in length in the x-
direction and 200 m in the y-direction (Figure 1). 
This area is at the margin of the Red River trough, 
including a basement and an overlying 
sedimentary. The basement consists of eruption 
rocks of Vien Nam (T1vn) and Tan Lac (T1o tl) 
formations, and carbonate rocks of Dong Giao 
formation (T2a dg). This basement is broken by 
many faults, creating weak subsidence in the 
Cenozoic era. The sedimentary is mainly formed 
by Quaternary rocks of Vinh Phuc and Thai Binh 
formations, which have a thickness from 38÷65 
m (Bui, 2012).  

The fractured zones and caves in the area 
contain water and have a lower resistivity 
compared to the surrounding rocks. This 
resistivity property allows us to apply 3D ERT for 
figuring out the distribution of the risky volume 
that relates to fractured zones and caves.  
 In the study area, 210 resistivity sounding 
measurements have been carried out within 6 
profiles elongated in the x-direction (Figure 2). 
The receiver spacing in each profile is between 15 
and 20 m , and the spacing between two adjacent 
profiles is 50 m in the y-direction.  
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Seven geological holes have been drilled in 
the area, on the profiles (T2, T3, and T5 in Figure 
2). The borehole analysis is used to validate the 
ability of resistivity sounding to determine the 
region of possible ground cracks and land 
subsidence. 

2.2. Algorithm and data observation 

There are numerous algorithms for 3D 
inversion of electrical resistivity data. The most 
widely used technique is the finite difference 

method (FD). This method is proposed in several 
research including Zhang et al. (1995), Zhao and 
Yedlin (1996), Loke and Barker (1996), and 
Spitzer (1998). Other techniques for solving 3D 
electrical resistivity problems are the finite 
element (FE) method (Yi et al., 2001) and the 
finite volume (FV) method (Pidlisecky et al., 
2007). 

The computation cost for 3D inversion is 
thoroughly considered in Loke and Barker 
(1996). The authors propose a technique that 
reduces two-thirds of the maximum data 
measures without a significant decrease in the 
resolution of 3D inversion results. Also, the 
starting model is a homogeneous half-space, 
which helps to reduce the computing time. These 
advantages are further studied in Loke (2010) for 
geoelectrical imaging. 

Although the finite element method has its 
advantage over the finite difference method in 
dealing with the tomography, we apply the FD 
method in this study because of the negligible 
change in elevation of the area. Thus, the method 
of Loke (2010) is utilized. 

We used the program RES3DINV of Loke 
(2010) for the inversion of 3D ERT data. In this 
program, there are four accepted types of data 
sets. The first type is an ideal 3D configuration, 
where the electrodes are located in either square 
or rectangular mesh, with the measurement 
carried out in an arbitrary direction. The second 
type obtains the data in both x- and y-direction, 
but measures only a few data at the corner of the 
mesh. The third type is the second without the 
measurement at the mesh corner. The last data set 
contains a series of parallel profiles in either x- or 
y-direction. This data set is the same as that of 
several 2D measurements, where the profiles are 
parallel to each other. With the fourth data set, the 
2D inversion is carried out; the 3D inversion is 
then used for the combined data of all profiles in 
the investigating region. 

At a single measuring point, the vertical 
electrical soundings are obtained. The apparent 
resistivity data at each point is then used for 1D 
inversion, grouped in a profile for 2D inversion. 
The 3D inversion is implemented with all 
resistivity data measured in the area. With this 
data set, the fourth type of data set in the 
RES3DINV program is adopted. 

Figure 1. The study area. 

Figure 2. The 2D electrical resistivity tomography 
profiles. 



48 Dat Ngoc Pham et al./The Journal of Mining and Earth Sciences 63 (6), 45 - 52  

2.3. 3D inversion of electrical resistivity data 

The 3D inversion is to find a resistivity model 
in three-dimensional volume based on 
minimizing the difference between measuring 
and computing data, where the latter is evaluated 
by solving the 3D forward problem. This work can 
be done by the smoothness-constrained least-
squares method (Loke, 2010): 

(𝐽𝑇𝐽 + 𝜆𝐹)𝛥𝑞𝑘 = 𝐽𝑇𝑔 + 𝜆𝐹𝑞𝑘 (1) 

where 
 

𝐹 = 𝛼𝑥𝐶𝑥
𝑇𝐶𝑥 + 𝛼𝑦𝐶𝑦

𝑇𝐶𝑦 + 𝛼𝑧𝐶𝑧
𝑇𝐶𝑧 (2) 

in which: Cx, Cy, and Cz are the roughness filters 
in x-, y-, and z-directions, respectively; J and JT are 
the Jacobian matrix of partial derivatives and its 
transpose; λ is the damping factor; q is the model 
perturbation vector; g is the data misfit vector; k 
is the iteration number. 

Because the starting model is homogeneous, 
the Jacobian can be computed analytically. The 
iteration ends when the misfit between 
computing and measuring data is less than a 
predefined small value. The method often 
converges after four or five iterations. 

The computing model is discretized into a 
structured grid consisting of rectangular prisms. 
The size of the prisms is extended from the top to 
the base of the model (Figure 3). The electrodes 
are located at the nodes of the uppermost plane of 
the model. The resistivities of the prisms change 
in each iteration until convergence is reached. In 
this study, we applied the misfit between the 
forward computation and the observed data of 6 
percent. It is a few percent higher than that for 3D 
resistivity measurement (2÷3 percent) because 
our data is collected from the 2D resistivity 
tomography. 

In practice, the data is observed on the 
surface. Thanks to the FD method the electrode 
spacing and the distance between two adjacent 
profiles do not need to be the same. We collected 
data from all profiles to produce an input file for 
3D inversion. Because the electrodes are located 
at the nodes of the 3D grid, the algorithm allows 
us to perform the inversion schedule.  

Because the electrode spacing was 15÷20 m 
and the distance between profiles was 50 m, we 
chose the grid spacing of 2.5 m in both x- and y- 

directions. This grid ensures all electrodes are 
located at the nodes on the surface. Thus, the 
horizontal resolution of 2.5 m can be resolved. 
Furthermore, the first layer of the 3D grid has a 
thickness of 1 meter, whereas the deeper layer 
has a larger thickness (Figure 3). These 
thicknesses are sufficient to resolve the thin 
weathering layer and the thicker bedrock in the 
study area. 

3. Results 

The 3D inversion result is shown in Figure 4. 
This result gives a general distribution in three-
dimensional of the resistivity of the subsurface. In 
Figure 4, the uppermost layer has resistivity from 

Figure 4. The 3D inversion results in the 
study area. 

Figure 3. The structured grid for the 3D model 
(modified from Loke and Baker, 1996). 
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500÷700 Ohm.m with local distinctions between 
weathering soil and filling rocks. The lower layer 
whose resistivity is lower (about 200 Ohm.m) is 
related to the clay. In this layer, there are some 
positions where the resistivity is high (1000 
Ohm.m). These positions may be the hard rocks. 

To get detailed information on resistivity 
versus depth, 11 plane sections of 3D inversion 
are presented in Figure 5. These sections show the 
3D results from the surface to the depth of 50 m . 
From the surface to the depth of 6 m , the local 
distinctions in resistivity appear. The resistivity 
values on the profiles T1, T2, and T3 are smaller 
than those on the profiles T4, T5, and T6. From 
6÷30 m , the range of resistivity is wider than the 
upper plane sections. The low resistivity anomaly 
is mainly located in the western south of the study 
area. This anomaly region is clearly shown in the 
30 m plane section. In the sections with a depth 
from 30÷60 m , the variation of resistivity is less 
than in the upper parts. The region of low 
resistivity (200÷300 Ohm.m) is in the left part of 
the panels (from 0÷240 m in the x-direction). In 
contrast, the region of high resistivity (larger than 
300 Ohm.m) is in the right part. 

In this study, we are interested in 
determining the position of the fractured zones 
and caves in the subsurface. According to the 

previous geological and geophysical study, they 
are related to the region of low resistivity which is 
smaller than 250 Ohm.m (Bui, 2012; Pham et al., 
2018). Figure 6 represents the low resistivity 
anomaly derived from the 3D inversion results. 
The distribution of the anomaly is intuitive. It is at 
the west of the study area and located below 20 m 
from the surface. In x-direction, the anomaly 
locates from 65÷245 m in the T1 profile, from 
50÷230 m in the T2 profile, from 0÷220 m in the 
T3 profile, from 0÷120 m in the T4 profile, from 
5÷100 m in T5 profile, and from 10÷50 m in T6 
profile.  

4. Discussion 

The 3D inversion result provides a better 
spatial distribution of the resistivity as opposed to 
that of 1D and 2D inversions. The 1D result only 
gives the distribution versus depth (z-direction), 
whereas the 2D is the distribution in a cross 
section (i.e., x- and z-directions) (Figure 7).  

Therefore, it is difficult to evaluate the 
location and volume of the fractured zones and 
caves in the study area with either 1D or 2D 
results. In this study, The 3D ERT method that 
helps to link the sounding data among the 
measuring profiles clearly shows the distribution 
of the low resistivity anomaly, which provides 
more information for geotechnical analysis. 

Figure 5. The plane sections of 3D resistivity inversion. 
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Figure 6. The 3D distribution of the low resistivity anomaly related to fractured zones and caves. 

Figure 7. Comparing 1D, 2D, and 3D inversion results with borehole stratigraphy. 
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The 3D inversion result is slightly different 
compared to the borehole stratigraphy for the 
two uppermost soil layers. Because the filling soil 
is rather thin (2 m)and its resistivity is close to 
that of the weathered soil. These properties of the 
filling soil lead to the indistinguishable results of 
the 3D ERT method due to the spacing of the 
measuring points. With the lower layers, the 3D 
inversion results are matched with the borehole 
information. 

5. Conclusion 

The 3D inversion results give a clear and 
detailed spatial distribution of the fractured zones 
and caves in the study area. The results help to 
evaluate the volume and position of the 
interesting object in the subsurface more 
accurately than that of 1D and 2D investigations. 

When we have sufficiently detailed electrical 
sounding data, the 3D inversion provides the 
results that are close to the borehole stratigraphy. 
We propose to use this inversion technique in 
other regions with dense electrical observation. 
This technique will help to increase the accuracy 
and effectiveness of a wide range of interesting 
studies. 
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