Iraqi Geological Journal Eissa 2021, 54 (2E), 122-133

Iraqgi Geological Journal

Journal homepage: https://www.igj-irag.org

Electrical Resistivity Tomography Application for Buried Foundation
Investigations: Insights and Review

Raad Eissa®? *

1 School of Geography, Geology and Environment, William Smith Building, Keele University, UK
2 Department of Civil Engineering, College of Engineering, University of Kerbala, Kerbala, Iraq
* Correspondence: raad.m@uokerbala.edu.iq

Received: 7 June 2021; Accepted:9 August 2021; Published: 30 November 2021
Abstract

Maintenance of existing structures and development or reuse of brownfield sites need to determine buried
foundations, in terms of location and dimensions, as accurately as possible. Geophysical methods provide an
indirect way to look in the ground and provide information about the subsurface that the traditional methods
might be unable to. In particular, the electrical resistivity method has been performed in the context of buried
foundation surveys. This review spots the light on the main results obtained from utilizing the electrical resistivity
method and the most affecting parameters that can influence the obtained resistivity models, and also, focuses on
published case studies to merge their findings to understand the interaction among the method, the foundation
and the hosting background for buried foundations surveys. The case studies mentioned in this review show the
resistivity method success and highlight the most important parameters that can control the method’s applicability
and data interpretation. The integration of the geophysical-traditional methods has appreciable potential for more
accurate findings.
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1. Introduction

Buried foundations can be defined as the foundation of an existing building or the left behind
foundations of any pre-existing buildings after demolishing. The main objective of any building
foundations is to anchor the building to the ground and it is used for different kinds of buildings and/or
infrastructures (for example, commercial buildings, bridges, dams and houses), (Reynolds, 2011). The
type of foundation can be decided based on the ground and the structure. To satisfy the needs of any
project, shallow foundations (e.g. spread footings, strip footings, combined footings) or deep
foundations (e.g. driven piles, piers, caissons) might be used. These days, most of the foundations can
be built using concrete and reinforced concrete whilst wood, bricks and stone blocks were used in most
of the ancient foundations, as we can see on archaeological foundations, for example, Giocoli et al.
(2019) determine masonry walls as buried foundations of the Orvieto Cathedral, Umbria, central Italy.
Regardless of the type and the construction material of buried foundations, it generates a subsurface
anomaly embedded in the hosting ground. Consequently, buried foundations can produce local change
in the physical properties of the hosting ground, for example, electrical resistance, therefore, it is
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possible to perform electrical resistivity tomography (ERT) method to image the subsurface and to
determine buried foundations.

The electrical resistivity tomography method is one of the known and non-destructive geophysical
electrical method. Due to the method’s simplicity, rapid pursuance and cost-effective characteristics, it
has wide range and has been applied for different purposes, for example, geotechnical and site
investigation studies. On the other hand, the electrical resistivity method suffers from some limitations
such as ambiguity in the data interpretation. The ambiguity might be the most important limitation of
the method where many subsurface anomalies can produce same observed measurements, (Keary et al.,
2002).During the last decades, the ERT method has been performed for buried foundations
investigations. Although, the observed foundations were built using same construction material (e.g.
concrete, rock blocks and so on), different resistive anomalies were imaged. This difference in resistivity
readings where related to several parameters, for example, deterioration process of the foundation,
groundwater level and dissolved ions concentration, and presence of reinforcing material (i.e. steel bars
in the reinforced concrete). Abu-Zeid et al. (2006) eliminate three different resistivity ranges of a brick
wall foundation, and as follow: high resistivity volume of the wall (>150 QQm) was interpreted due to
presence of voids and fractures; an intermediate resistivity volume (20-100 Qm) was explained by well-
preserved parts of the wall foundation; and low resistivity volume (< 10 Qm) was found due to complete
deterioration of bricks and full replacement by completely degraded slat mud material.

In this study, a review and certain insights related the electrical resistivity tomography method to
buried foundation investigations are highlighted and discussed such as data acquisition and different
inversion algorithms effects on the obtained models. Moreover, some of the published case studies, that
performed by other researchers, are also presented.

2. Theoretical Background of the Resistivity Method

As other geophysical methods, the electrical resistivity depends on a certain physical property of the
ground. It relies mainly on the ground’s electricity which ultimately depends on material type and the
groundwater chemistry in the pores. The physical concept of the method relies on Ohm’s law, during
the passage of electrical current (1), a potential drop (V) can be happened due to the resistance (R) of the
ground material, the resistance can be written in the following way (Reynolds, 2011):
R=V/I (1)

The resistance is governed not only by the ground material type and the fluid’s chemistry but also by
the shape and dimensions of the electrical current route (i.e. wire). It is proportional to the length (L) of
the resistive ground material and inversely proportional to its cross-sectional area (A), this can be written
in the following way:

RocL/A 2

With p as a proportionality constant, equation 2 can be rewritten as:
R=p L/A (3)

From equations 1 and 3, the resistivity can be calculated by the following equation
p = VA/IL (Qm) (4)

When we consider a single current source (i.e. single electrode) injecting the current in a uniform
resistivity medium, the current will be radially distributed as a hemisphere and the electrode is the centre.
At a certain distance (r), from the electrode, the hemisphere’s surface area is 2mr? and the current
density (i) is:

i=1/2mr? (5)
With increasing in the electrode spacing (a) the current hemisphere increases and therefore, the current
intensity decreases. To measure the voltage at any point in the ground, another expression which is
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called the geometric factor (k), should be involved. The potential at M and N can be calculated as
following:
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For each electrode configuration, there is a geometric factor which can be expressed by:
2T
k=7 1 1 (10)
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From equation 1, R=V/I, the apparent resistivity can be rewritten as:
p =Rk (12)

3. How the ERT Survey Executed

Through an electrical resistivity survey, variation in the electrical resistance of the ground can be
measured and recorded via a pair of electrodes for current injection and another pair of electrodes for
potential difference. These electrodes are pushed into the ground and connected to a certain meter for
calculating the electrical resistance by a set of wires. The meter is connected to a laptop which is
controlled by a specific software package for controlling the survey’s setup. The four electrodes can be
set up in different arrangements named arrays or electrode configurations. Each electrode configuration
has its own merits and limitations over the others. The number of electrodes in a survey and the distance
between any two adjacent electrodes, named electrode spacing (a), can govern the imaged cross-section
underneath the electrodes horizontally and vertically. The longer configuration, the longer cross-section
and the deeper tested point in the ground. On the other hand, the wider electrode spacing generates less
data resolution.

One of the main rules of the resistivity meter is to switch, for every single reading, the electrodes
to another set of four electrodes to move the survey forward until the second end of the array. After that,
the meter starts from the beginning but uses double of the electrode spacing (2a) to investigate deeper
or the second level (n2), the third level (n3) using 3 times of the electrode spacing (3a). The controller
software package manages this procedure until the last possible level of surveying (last n), (Fig 1). Using
this survey manner, variations in the ground resistivity can be imaged; any higher or lower resistivity,
comparing with the background’s resistivity, then can be recognized as an anomaly. Buried foundations
almost generate higher resistivity values than the background environment. From this feature of the
electrical resistivity method, it has been distinguished and applied as a useful indirect geophysical
method for searching unknown buried foundations.

4. Material and Methods

A literature search for the most pertinent publications to the buried foundations studies was
undertaken. From those publications the influencing parameters on the electrical resistivity of buried
foundations were identified. Based on the details that presented in the published studies, the buried
foundations have been investigated by numerical and real-world scenarios (Figs. 3 and 4).
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Fig 1. Electrical resistivity survey using a multi-electrode system to generate a 2D electrical resistivity
cross-section

5. Factors Affecting the ERT Method for Buried Foundations Investigation

The electrical resistivity method, as other geophysical methods, has advantages (e.g. hon-direct
method) and limitations (e.g. ambiguity) and it can be influenced by several parameters (e.g. moisture
content, lithological composition). One of the ERT’s limitations is the ambiguity of the method where
the underground can be represented by many different models. Moisture in the ground is one of the
important ways for the electrical current to move through the ground and the same site can have different
resistivity response if the moisture content changes. Consequently, any resistivity model is the final
product of the interaction of the advantages, limitations and affecting parameters.

5.1. Data Resolution

The electrode spacing is the main factor that can govern data resolution. The shorter electrode
spacing is the higher data resolution. Data resolution and foundation dimensions are quite related to each
other. Small foundations need shorter electrode spacing to be imaged. Eissa et al., (2019 ) were able to
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detect a buried brick wall in perpendicular profiles to the longest dimension of the buried wall, using
0.25 m electrode spacing, although the target dimension is 0.36 m.  Obviously, the electrode spacing
should be smaller than the buried foundation dimension to ensure that one or more resistivity points are
responded from the foundation otherwise the target might be lost between two adjacent points.

5.2. Data Quality

Data quality might be another important factor for buried foundation investigation. The data
without many anomalous points (compared with adjacent data points and considering points from the
target location) might help not only to detect the buried foundation but also to generate more sensible
resistivity models with a sufficient agreement with the actual underground situation. Eissa et al. (2019)
found pole-pole and pole-dipole arrays were the worst arrays due to many bad points distributed over
the obtained profiles. Although the buried foundation was detected, its shape and resistivity values on
the 2D cross-section were not representative enough to be eliminated from the background. The bad
points were obtained due to the remote electrodes and to availability of noise; different electrical sources
like cables around the site. In noisy sites, electrode configurations with good signal to noise ratio, for
example, Wenner array, are recommended. Several studies have been conducted in difficult situations,
for example, urban and electrically noisy sites (i.e. poor signal to noise ratio) and they were able to get
a reasonable response of the buried foundation, for example, Chitea et al. (2019) and Kermani et al.
(2014).

5.3. The Array Type

Different array types have different effects on the efficiency of the ERT method to detect and
eliminate buried foundations. Chambers et al. (2002) employed Wenner and dipole-dipole arrays, using
full 3D inversion, to image buried walls. They found that the dipole-dipole array was more accurate in
revealing the wall geometry compared with the Wenner array; on the Wenner model the wall looks
diffused and patchy. Eissa et al., 2019 found the Wenner array is more sensitive to the bottom of the
foundation whilst dipole-dipole array is more sensitive to the top of the foundation. That might be related
to the sensitivity of the arrays. The Wenner array is comparatively sensitive to resolve vertical changes
below the center of the array and poor in resolving horizontal changes. Dipole-dipole array is good to
resolve horizontal changes and relatively poor to detect vertical changes in the resistivity, (Loke, 2004).
As any buried foundation can have and show the horizontal and the vertical changes in the underground
resistivity, therefore, the Wenner and dipole-dipole might be the best two arrays for buried foundations
investigations, especially if they conducted to detect the same target and their results compared
qualitatively.

On the other hand, the Wenner array has the smallest geometric factor among the other arrays, this
can be another merit for the array and makes it a suitable choice in electrically noisy sites but it has
smaller horizontal coverage compared with dipole-dipole array. The dipole-dipole array can cover most
of the cross-section underneath the array which makes it a suitable electrode configuration to be used
with a small number of electrodes and in small sites, (Loke, 2004) (Fig. 2 and Table 1) for the different
electrode configurations employed for buried foundation investigations. Fig. 2 shows that dipole-dipole
array is the most frequent array that has been utilized in resistivity surveys for buried foundation studies.
That might be related to the merits of the array over all other arrays, for example, the better horizontal
coverage, the sensitivity to the vertical and horizontal changes and to the signal to noise ratio.
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Table 1. Published case studies performing electrical resistivity method for buried foundations with
the studied target, electrode configuration information; Wenner (W), Schlumberger (S), Wenner-
Schlumberger (WS), Gradient plus (G), Dipole-dipole (D), Pole-dipole (PD), Cross-hole resistivity

(C), and Pole-pole (P)

Authors Utilized array(s) Brief information about the studied foundation
Su et al. (2020) C The cross-hole resistivity succeeded in imaging reinforced concrete
bridge pile foundation within 20 m and electrode spacing 1 or 0.5 m.
Giindogdu et al. (2020) D Bridge pillar foundations were determined and eliminated from hosting
background; using focusing inversion technique. Underneath the bridge
foundation, clayey weak zones were also recognized.
Giocoli et al. (2019) WS A masonry walls foundation of the Orvieto Cathedral, central Italy, were
imaged and eliminated from the surrounding material, the resistivity
range of the foundation was 200-2300.
Eissa et al. (2019) W, D, PD, P Brick wall already built in a well-sorted 4 mm gravel pit. The bricks
were in good condition at the time of the pit construction.
Chitea et al. (2019) w An old building foundation consisted of two layers, layer 1 containing
compacted debris of reinforced wall, and layer 2 containing reinforced
concrete pillars and concrete blocks.
Al-Saadi et al. (2018) D Foundations and walls of a Roman villa were successfully imaged using
3D inversion. The ERT models coincide with historical excavation. The
imaged foundations were built from a layer of gravel at the bottom,
conglomerates and quartzite rock fragments in the middle, and at the top
rectangular sandstone blocks.
Cardarelli et al. (2018) D Bricks and pozzolanic mortar were mainly used as a building material,
faced by masonry surfaces with some degradation signs appearing on it;
exfoliation, delamination, and chipping.
Evangelista et al. (2017) WS The target (i.e. the buried foundation) is 8 m thick of building rubble and
finer anthropic material.
Lysdahl et al. (2017) G A concrete foundation block and plate, and underneath it a layer of
filling material containing gravel, stone, bricks, and black shale
Cardarelli et al. (2016) D The main building materials were bricks and mortar that have suffered
from some decay processes, for example, cracking, exfoliation,
efflorescence and delamination.
Vargemezis et al. (2016) D Buried building foundation containing aggregate, cement blocks, and
might be other different material.
Arjwech and Everett (2015) D Unknown, narrow, and vertical concrete bridge foundation
Wang and Hu (2015) Reinforced concrete bridge foundation (footing).
Fernandez et al. (2015) WS Arranged gypsum and limestone slabs in a gravel bed
Tucker et al. (2015) D Site 1, reinforced concrete long slender bridge piles (0.4 x 0.4 m). Site 2,
circular reinforced concrete bridge pile (0.75 m diameter).
Kermani et al. (2014) SSW,D At site 1, circular reinforced concrete bridge piers resting on a group of
cast-in-place concrete piles. At site 2, a rectangular reinforced concrete
bridge resting on a group of steel piles.
Arjwech et al. (2013) D Bridge foundations of different types (e.g. footings) and different sizes.
Containing reinforced concrete and concrete.
Wang, Hu and Wang (2013) D, PD Reinforced concrete bridge piles.
Wu and Lin (2013) W, D, WS, P Numerical study to evaluate the ERT method for buried foundation
detection. The ground assumed to have 100 Q.m whilst the foundation
assumed to have 5 Q.m; due to high conductivity of reinforcing steel
Tsokas et al. (2011) D, PD, P An ancient Roman wall foundation underneath modern concrete
pavement slabs. The foundation wall contains successive layers of
marble hewn and bricks.
Abu-Zeid et al. (2006) W, D Deteriorated red and grey brick wall, some of the bricks were severely
altered and some voids were generated.
Chambers et al. (2002) W, D Shallow buried foundations were made from concrete, aggregate type 1

and type 2, engineering brick, stone blocks, and loaf and peat mould.
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Fig. 2. Frequency of utilizing different electrode configurations used in the previous studies

5.4. Inversion Algorithms

Eissa et al. (2019) found the least-square smoothness-constraint algorithm (Fig. 3a) better than the
robust inversion algorithm (Fig. 3b) in determining a brick wall that had built inside a gravel fill; by
inverting data sets collected using Wenner and dipole-dipole arrays. Where the brick wall is
discriminated from the gravel fill on the 2D ERT models inverted using the least-square algorithm. On
the other hand, the robust inversion algorithm shows better elimination for the whole target (the gravel
fill and the brick wall inside it) from the natural background. That might be related to the nature of the
robust algorithm which takes the whole target as one anomaly and without any gradual progression in
resistivity values, as applied by other researchers to specify different geological units(Abed et al., 2020).
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Fig. 3. Least-square smoothness-constraint and robust inversion algorithms effects on 2D electrical
resistivity models obtained from the same target, modified from Eissa et al. (2019). White boxes indicate
cleared wall foundation (continuous line) and surrounding test site (dotted line) positions respectively.
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5.5. The Survey Profile Location on the Ground Surface, it’s Orientation and Foundation
Dimensions

The 2D ERT profiles always show the variation in the ground underneath the survey profile on the
ground surface. Any anomaly located on the profile side, might be, cannot be imaged, and that depends
on the array sensitivity. Different arrays have different sensitivities for vertical and horizontal changes
in the ground. The Wenner array is sensitive to about 1.7 of the electrode spacing, the dipole-dipole has
1.8, the pole-dipole has 1.6 and the pole-pole has 0.5 sensitivity on both sides of the survey profile,
(Loke, 2004). Chambers et al. ( 2002) found that the array sensitivity to the buried wall was profile
orientation dependent. On profiles run parallel to the buried wall, the walls were poorly imaged and
hard to be distinguished from the background. On the other hand, the ERT method has been successfully
employed to detect buried foundations with an approximate location is known, (Lysdahl et al., 2017).

The array sensitivity might be less important than the electrode spacing if the profile perpendicular
to the longest dimension of the buried foundation as Eissa et al. (2019) found; where a 0.36 m brick wall
was imaged using 0.25 m electrode spacing of Wenner and dipole-dipole arrays using least=square
smoothness-constraint algorithm. If the buried foundation location is not even approximately known,
multiple 2D profiles at different orientations might be the only available option. Arjwech et al. (2013)
performed the electrical resistivity method at five sites and they recommended the following electrode
spacings: 1-1.5 m to image a foundation with 1-2 m, 1.5 m electrode spacing to image a foundation with
2-3 m in diameter, and if the size of the foundation is more than 3 m, the electrode spacing was suggested
to be from 1.5 m to half of the foundation diameter as a maximum spacing. Arjwech and Everett (2015)
utilized a dipole-dipole array with 2 m electrode spacing to image a buried bridge foundation. The survey
was conducted by two profiles passed 0.5 m from the foundation, the profiles were perpendicular to
each other and intersect at one corner of the foundation. The foundation was eliminated from the
background with > 80 Q.m resistivity reading and it was represented by a rectangular shape on a fence
resistivity model (Fig.3).

5.6. The Foundation Material, Nature of the Background and Moisture Content

In general, a noticeable contrast between an anomaly and the background resistivities would help
to eliminate the anomaly more easily. Abu-Zeid et al. (2006) used Wenner and dipole-dipole arrays to
image through a brick wall foundation and to eliminate altered patches. They found the low resistive
patches were cracks in the bricks and voids that were filled by salt mud which generated from the brick’s
degradation. Later on, after mortar injection and hardening, they perform the method again to check out
the maintenance quality. It was found the low resistive anomalies have higher resistivity values due to
replacing the salt mud material by mortar filling; as they noticed the mud flowed out from holes during
mortar injection.

Chambers et al. (2002) applied the resistivity method to investigate buried walls that had been built
from different materials; the building materials were concrete, engineering bricks, stone blocks set in
mortar, two types of aggregate (1 and 2), building sand, and moulded leaf and peat mixture. The wall
made from leaf and peat was almost indistinguishable from the clayey hosting background. Due to the
nature of the wall material, it was expected to have higher moisture content compared with the other
walls and decomposition of the organic material might help to increase ions concentration which
consequently helps the wall to be more conductive (i.e. less resistive). Although the concrete, stone
blocks, bricks, and building sand walls have different building material, they were almost shown by
similar resistivity readings. The aggregate wall (type 1 and 3) was the most resistive foundation and that
was interpreted due to the low moisture content and ultimately high resistivity readings. Arjwech et al.
(2013) found different resistivity responses from both the hosting materials and the foundations. In one
of the studied sites, named NGES site, the foundation was represented by <20 Q.m anomaly and this
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low resistivity contrast was interpreted due to the poor conditions of the foundation; where the
reinforcing bars were expected to be in contact with the ground. in location2 a reinforced concrete spread
footing was eliminated by >2000 Q.m resistivity anomaly. In addition, they conducted another
resistivity survey on another site, named the westbound bridge over Little Brazos River. At the
foundation’s location, an anomaly with 2-3 Q.m was shown whilst the immediate vicinity ground was
eliminated with 5-6 Q.m. These close electrical resistivities were interpreted due to the condition of the
foundation, it was partly eroded, the reinforcing bars were exposed, corroded and in touch with water

(Fig. 4).
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Fig. 4. a) high resistivity anomaly of the NGES spread footing foundation (location 2); b) low
resistivity anomaly produced by a drilled shaft bridge foundation at Little Brazos River site, obtained
and modified from (Arjwech et al., 2013)

Fernandez et al. (2015) succeeded in imaging a historical foundation by utilizing Wenner-
Schlumberger array. Although the study was conducted during the summer season (i.e. dry conditions
are expected) the foundation was able to be eliminated from high resistive enclosing material by
employing other geophysical data (i.e. GPR surveys and 2D magnetic gradient survey) and historic
descriptions of the studied site, in the data interpretation.

In another case study conducted by Arjwech and Everett (2015), the resistivity response of a buried
foundation was found to be more than 80 Q.m whilst the resistivity of the immediate vicinity hosting
background was less than 10 Q.m; as represented on the resistivity model. The contrast in the resistivity
readings was interpreted due to the nature and to the moisture content of the background which was
weathered to moderately weathered shale and clayey and wet deposits.

Moisture content and its salt concentration have influential effects on the resistivity values, the
higher moisture and salt concentration the low resistivity readings. Cardarelli et al. (2016) used a
combined geophysical and geochemical investigation to determine a buried foundation in Rome, Italy.
Electrical resistivity method was performed to locate buried foundations and to investigate the
relationship between the foundation and the groundwater. The groundwater at the studied site was able
to be characterized as 2-5 m freshwater with resistivity values range 0.1-80 Q.m, 8-10 m saltwater
presence with resistivity value less than 1 Q.m, while the foundation depth was estimated to extend up
to 8 m below the floor and its resistivity was estimated 80-100 Q.m. In addition, Cardarelli et al. (2018)
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found a buried foundation with resistivity readings higher than 200 Q.m above the groundwater level,
whilst for a deeper foundation (extended depth up to 5-7 m below the floor) with resistivity 30-50 Q.m
which was due to the presence of a shallow aquifer (i.e. higher moisture content if not in saturation
condition).

Fig. 5 represents the resistivity values of common foundation materials. It shows a wide range of
resistivity response from the same material (e.g. bricks foundation from about 20 ©.m to about 3500
Q.m). This wide range might be due to several variations, for example, moisture content, salt and ions
concentration in the water, variation in the chemistry of the material itself, age and deterioration
condition, and so on.

In addition to the wide range of resistivity values, Fig. 5 represents a considerable range of
overlapped resistivity values, almost, for all the material. The overlap distributes from about 20 Q.m to
about 200 Q.m. The wide range and the overlap properties indicate the ambiguity of the resistivity
method for buried foundation studies.

Block stone '
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Reinforced concret 1

Concrete

[
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1 [ NN 1 L1l 1 T |

1 10 100 1000 10000
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Fig. 5. Electrical resistivity values of common materials which can be used for the foundation
construction

6. Conclusions

The utilizing of the resistivity method to eliminate buried foundations has been reviewed and
insight points have been highlighted. The obtained resistivity models demonstrate the method
applicability in that context and the viewed papers highlight a set of effective parameters that influence
the method’s efficiency. Certain electrode configurations (the Wenner and dipole-dipole) are the most
used configurations due to their inherent merits, for example, good signal-to-noise ratio. Electrode
spacing is suggested to be at least comparable with the smallest dimension of the targeted foundation.
For the profile orientation, surveying in a perpendicular orientation to the foundation can be the most
promising survey profile to eliminate the target whilst surveying parallel to the foundation has a lesser
chance to detect the foundation and it relies on the electrode spacing, the foundation dimension and the
array’s sensitivity. Applying different inversion algorithms, especially the least-square smoothness
constraint and the robust algorithms might help to reveal the subsurface structure and provide more
information about the target. The hosting background conditions (the moisture content, salt and ions
concentration) have influential effects on the generated model whilst the state of the buried foundation
(deterioration conditions) can change the foundation’s response considerably. Conducting
comprehensive desk study and utilizing other geophysical surveys (GPR) and traditional tests
(excavation) has great potential to generate more suitable models with the reality of the imaged
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subsurface. The certain building material used in the construction of a foundation has a wide range of
resistivity values and these values overlap other material’s resistivity values. This behaviour makes the
interpretation even more ambiguous. The published case studies show that the buried foundation not
only represents a higher resistive anomaly compared with the background’s resistivity values but also
can be revealed with lower resistivity values than the background. Therefore, huge attention should be
given due to data processing and interpretation.
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