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Novel processing algorithms

for efficient dam seepage
surveys via improved symmetric
multielectrode electrical
exploration

Duc Minh Vu'™, Anh Chung Do? & Gémez-Ortiz David*4*

To improve the efficiency of geophysical methods, data processing algorithms are often prioritized

for enhancement. The novel improved processing and analysis algorithms of the improved multi-
electrode electrical exploration methods that we propose include two options: Option 1 and Option 2.
In a previous study, the p<* algorithm (associated with Option 1) was applied to investigate seepage at
Dong Do dam in Vietnam, producing structural image with clearly defined geological layer boundaries.
To further assess the effectiveness of these data processing algorithms in dam and dike research, the
pffm algorithm (corresponding to Option 2) was applied in this study to survey the same Dong Do
dam. The results yielded a resistivity cross-section that revealed differences in horizontal anisotropy
and identified blocky anomalies. These findings demonstrate that the application of both algorithms
is effective, allowing for comprehensive determination of the dam’s structure, as well as the depth
and extent of subsurface features. Accordingly, researchers can select either of the two novel data
processing options from the improved symmetric multi-electrode electrical exploration method based
on the specific objectives and targets of their investigation—while still achieving optimized outcomes.
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Seepage poses a significant threat to the structural integrity and safety of irrigation dams. Unfortunately, it is not
always visible externally, making detection and mitigation challenging. When seepage becomes apparent on the
surface, it can severely compromise dam stability; however, accurately identifying its precise location remains
difficult. As a result, remediation often involves drilling and injecting concrete, a process that is both costly and
time-consuming. To address this issue, geophysical methods have been increasingly employed to investigate
seepage in dams.

The multi-electrode electrical exploration (MEE) method has proven to be an effective approach!=>. This
method has been successfully applied to survey seepage in the Ho Phoi and Dam Bai dams in Hoa Binh province,
Vietnam®, as well as the right dike of the Chu River in Thanh Hoa province, Vietnam’, yielding favorable results.

To enhance the efficiency of constant-current electrical sounding techniques, improved electrical sounding
(IES) methods were developed based on conventional one-dimensional (1D) electrode arrays. The fundamental
principles and primary advantages of these IES methods have been presented in previous studies®’.

To leverage the advantages of both the IES and MEE methods, we have integrated them to develop the
improved multi-electrode electrical sounding (IMES) method', utilizing enhanced one-dimensional (1D)
improved multi-electrode arrays. By systematically connecting the electrodes of the improved 1D electrode
array to the take-out terminals of the SuperSting device, the enhanced multi-electrode configuration is achieved.
These methods have been successfully tested and implemented in practical applications across Vietnam, yielding
superior results compared to conventional approaches!!. However, it is important to note that both the IES and
IMES methods remain limited to 1D surveying.

University of Science, Vietnam National University, Hanoi, Vietnam. 2Institute for Ecology and Works Protection,
Vietnam Academy for Water Resources, Hanoi, Vietnam. 3Department of Biology and Geology, Physics and
Inorganic Chemistry, ESCET, Universidad Rey Juan Carlos, Mdstoles, Madrid, Spain. “Research Group ‘Geofisica
y Geoquimica Ambiental’, Universidad Rey Juan Carlos, Méstoles, Spain. *email: vducminh56@gmail.com;
minhvd@vnu.edu.vn; david.gomez@urjc.es

Scientific Reports|  (2025) 15:32991 | https://doi.org/10.1038/s41598-025-16782-z nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-16782-z&domain=pdf&date_stamp=2025-9-4

www.nature.com/scientificreports/

The advantages of the IES, IMES and MEE methods have been integrated to develop the Improved Multi-
electrode Electrical Exploration (IMEE) methods!>!?, which encompass both resistivity and induced polarization
techniques. These methods utilize enhanced two-dimensional (2D) improved multi-electrode arrays, enabling
faster measurements compared to conventional approaches. To date, these methods have been fully developed
in terms of survey design, data collection, measurement process control file configuration, and algorithms and
programs for processing and analyzing. However, the Improved Petrovski parameter processing algorithms
remain incomplete.

The IMEE methods offer significant advantages over previous approaches, as they incorporate simple
algebraic calculations to determine resistivity and polarization values across different electrode arrays—including
the Improved Petrovski parameter with enhanced resolution. These calculations can be performed even when
using any improved array, thus overcoming a fundamental limitation of earlier methods: reliance on unstable
derivative expressions. The proposed advancements exhibit high scientific reliability, substantial practical utility,
and considerable significance in both theoretical and applied research.

A detailed introduction to the IMEE methods, along with selected results from modeling, experimentation,
and practical applications in Vietnam—demonstrating improved performance compared to earlier approaches—
has been presented in previous publications!>~1¢.

The improved symmetric multi-electrode electrical exploration (ISMEE) method is a component of the
IMME method system. Its newly developed data processing algorithms and the effective application results for
groundwater survey in Vientiane Province, Laos were introduced the recent publication 1718,

Our proposed improved data processing and analysis algorithms for the IMEE methods include two
alternatives—Option 1 and Option 2—which will be detailed in the Methodology section. The application of
the ISMEE method utilizing the improved data processing algorithm based on Option 1 (main parameter p<")
for seepage survey at Dong Do dam in Vietnam have yielded a detailed and well-defined structural image,
characterized by smooth and distinct geological layer boundaries'®.

This study primarily provides a briefly introducing to the newly improved processing and analysis algorithms
of the ISMEE method based on Option 2 (with the main parameter Ppr,), along with their application in
surveying seepage at the same Dong Do dam in Vietnam. The results from the research area have been processed
and presented using both Option 1 and Option 2 of the newly improved algorithms to facilitate a comparative
evaluation of their effectiveness.

Methodology

As stated in the introduction, the IMEE methods, which utilize enhanced two-dimensional (2D) multi-electrode
arrays, have been developed through the integration and refinement of the IRS and MEE methods. Consequently,
the IMEE methods inherit all the advantages of both IRS and MEE approaches.

The IMEE methods we have proposed, along with their effective application results, have been introduced
in previously cited studies (as referenced in the introduction). This section provides a concise overview of
the ISMEE method, with a particular emphasis on the calculation formulas for key parameters and the block
diagram of its newly improved data processing algorithms. This serves as a foundational basis for presenting its
application results in the seepage survey at the Dong Do dam in the subsequent sections.

For the first time, the improved Petrovski parameters have been proposed with a well-defined scientific
theoretical foundation.

The ISMEE method follows the same measurement procedure as the traditional MEE method, utilizing a
control file created by the authors and installed in the measuring device. However, an improved symmetric
multi-electrode array has been developed based on the following principles: A and B serve as the current-
injecting electrodes, M and N function as the potential-measuring electrodes, and MA represents the separation
between the M and A electrodes. It is important to note that the principle of reciprocity in electrical sounding
has been applied, requiring the current-injecting electrodes to be positioned internally.

MA = AB = BN =n.a
MA = 4AB = BN = 4n.a(extended receiver)

MA = AB = BN = 3n.a(extended transmitter)

where a represents the constant distance between adjacent electrodes, n denotes the nth measurement for each
configuration listed above.

By conducting measurements using the improved symmetric multi-electrode array, all essential information
can be obtained after processing the collected data.

The data conversion and key parameter calculation formulas are developed based on the transformation
principles of the IRS methods, with the primary distinction being that the conversion formulas can be applied
to all acquired resistivity data. A major advantage of the data processing and analysis algorithms in the ISMEE
method is their reliance on simple and robust algebraic formulas, eliminating the need for unstable derivative-
based calculations used in previous approaches.

The newly improved processing algorithms of the ISMEE method consist of two options:

Option 1: Calculate the improved symmetrical resistivity values pS* derived from the ISMEE method. These
p5! values are subsequently processed, analyzed and visualized using AGI EarthImager 2D software?, Version
2.4.2 (Buil 627), (EI Usergroup URL: https://www.agiusa.com/files/eicust/earthimageruser.shtml).

Option 2: Calculate the improved parameters based on the proposed algorithm, with a particular focus on
the newly improved Petrovski resistivity values p,c,’imr . The results obtained from the calculation and anal-
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ysis process will be visualized using EarthImager 2D software; however, the Petrovski resistivity values are
presented separately using Surfer software (Surfer 29.1.267 (64 bit) Mar 1 2025 (Free Trial), Copyright @
1993-2025 Golden Software. LLC, https://www.goldensoftware.com/products/).

The formulas for calculating the main parameters'® : with one generating electrode separation (AB),, where the

resistivity values pS () and pS* (i + 1) corresponding to r; and 7;+1 obtained from the field measurements. The
average values pS' are calculated using the following formula:

P2t (i) = \/pst (i) .pst (i + 1) (1)

The values p<t. are calculated from the values p<* according to the following formula:

ot o |1 ps; (i+1) PS5 ()
psr](Z):’2K7<(Ks(’L+1) - KS(’L)>)‘ (2)

where K. represents the coefficient of the improved dipole-axis multi- electrode array; K; denotes the coeflicient
of the improved symmetrical multi- electrode array.
The newly improved Petrovski values pr, ., are proposed according to the following formula:

Pomsrs () = p%5 (1) / (205 (8) /p%5 (1) = 1) = %5 (0) . f () 3)
ct i
in there: the functions f (x) , where the variable x is defined as x = 22§{‘ff>> , is built to overcome discontinuities
5j
and negative values observed in previous Petrovski curves:
1
_ —qwhenz > 1.025
f (@) { az + b+ Zwhen0 < z < 1.025 (4)

with conditions: f1(1.025) = f2(1.025), f1/(1.025) = f2/(1.025),1'(1.025) = f4(1.025). This ensures that
the values pS,,, . will be continuous and non-negative, overcoming the disadvantage of the previous Petrovski
parameter.

In the formulas (1), (2) and (3), the index i represents ith extension of the generating electrodes distance r,
for a given sounding point, while index j denotes the corresponding sounding points.

The block diagram illustrating the newly improved processing algorithms of the ISMEE method, as
implemented in our programs is presented in Fig. 1.

Research area and the survey profiles

The selected research area is Minh Tri commune, Soc Son district, Hanoi, Vietnam. Minh Tri commune is
located in geographical coordinates 105°45'56" to 105°46'40” East longitude and 21°18'36” to 21°19'36” North
latitude (Fig. 2).

Based on the 1:50.000-scale geological map of Hanoi published?!, along with results from borehole
investigations, the main stratigraphic units identified in the study area are as follows: The uppermost layer
consists of recent alluvial deposits, including clay, silty clay, sandy silt, and sand. These materials are widely
distributed across the study area’s surface and belong to the Thai Binh Formation (aQ?tb). The middle layer
is composed of coastal marsh and lacustrine deposits, featuring clay, silty clay, sandy silt, and sand, which are
classified under the Hai Hung Formation (ambQ?!-?hh). Beneath this lies a layer of lacustrine-marsh and fluvial
deposits, primarily composed of clay, silty clay, sandy silt, and sand, identified as the Vinh Phuc Formation
(aQvp). Further below, floodplain and river deposits—including clay, silty clay, sand, and gravel—are assigned
to the Hanoi Formation (ap, aQ'?-*hn). Additionally, weathering products from the bedrock, predominantly
silty sandstone, manifest as reddish-brown clay and silt with mottled gray-yellow to gray-white hues (deQ).
However, these materials are present only in limited areas and are not discussed in detail within this report.

Geological conditions?*: The Dong Do dam site comprises multiple soil layers. The uppermost layer consists
of embankment fill, with thicknesses varying from 1.5 m to 18.25 m depending on location. Beneath this lies
Layer 2, composed of silty clay interspersed with gravel and cobbles, exhibiting a soft to plastic consistency,
moderate bearing capacity, and deformability. Layer 3 consists of stiff to semi-hard silty clay, which has relatively
good bearing capacity and low compressibility. The deepest section consists of strongly to completely weathered
argillaceous rocks, transitioning into moderately weathered argillaceous rocks—these layers provide good
bearing capacity with minimal deformability. Dam body: The main constituent material is silty clay mixed
with gravel and cobbles, characterized by moderate permeability, with an in-situ permeability coefficient of
K=3.40x1074 cm/s. Additionally, localized site investigations revealed signs of water loss within this soil
layer. Dam foundation: Layers 2 and 3, composed of silty clay, also exhibit moderate permeability, with in-situ
permeability coefficients of K=1.43 x 1074 cm/s and K=9.33 x 1075 cm/s, respectively. Underlying these are fully
to strongly-moderately weathered sandstone and siltstone, which are characterized by low permeability.

Three resistivity profiles were surveyed on Dong Do dam in the mentioned study area above, using the
ISMEE method with the improved symmetrical multi-electrode array, utilizing the device SUPERSTING R8/
IP + 56 poles from AGI (USA)?. The profiles were taken from the left shoulder to the right shoulder of the dam,
with a distance of 3 m between measuring points. The length of the dam surface profile is 249 m, while the
central profile of roof 1 spans 219 m and that of roof 2 covers 165 m (Fig. 2).
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Fig. 1. The block diagram of the newly improved processing algorithms.

Survey results
The data processing results obtained from implementation of the ISMEE method at Dong Do dam are shown in

the following figures, corresponding to the two options described above.

Profile along the middle of the dam surface

The processing results for this profile are presented in Fig. 3, illustrating two options.

Option 1 (Fig. 3a): The dam structure comprises three distinct layers. Layer 1 is thin with low resistivity, Layer
2 is thicker and exhibits higher resistivity, Layer 3 is the thickest layer—displays significant resistivity fluctua-
tions. Notably, two low-resistivity anomalies are observed, potentially indicating unusual seepage phenomena
within the dam.
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Fig. 2. Location of survey profiles on the Dong Do dam (visualized with the software: Surfer 29.1.267 (64 bit)

Mar 1 2025 (Free Trial), Copyright @ 1993-2025 Golden Software. LLC, https://www.goldensoftware.com/pro
ducts/).
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Fig. 3. Resistivity cross-sections of profile along the middle of the surface of the Dong Do dam (a) Results of
processing p<’ (option 1)'%; (b) Results of processing p5e,, (option 2).

Depth (m)

Option 2 (Fig. 3b): These results highlight the saturated water level and the dam foundation. However, com-
pared to Option 1, the topmost low-resistivity layer is absent. Instead, a seepage anomaly is detected at the
beginning of the profile, spanning from the 22nd to the 40th meter. This suggests that the anomaly has shifted
by approximately 4 meters relative to the results obtained in Option 1.

Central profile of roof 1
The processing results for this profile, based on the two analytical options, are presented in Fig. 4.

Option 1 (Fig. 4a ): The upper layers contain one fewer layer than the profile along the middle of the dam
surface:

o Layer 1: This layer extends throughout the survey line with a resistivity greater than 1,000 Qm at depths rang-
ing from 0 m to 4.5 m. It represents the boundary of the saturated water level within the dam body.

« Layer 2: The depth extends from 4.5 m to 15 m, marking the boundary between the embankment and the
natural ground of the dam. At depths between 3 to 8 m, from the starting point to the 30" meter of the sec-
tion, a low-resistivity anomaly of approximately 150 Qm is observed. Notably, this anomaly is surrounded
by a medium with a resistivity exceeding 800 Qm, indicating a potential seepage anomaly within the dam.

The results obtained using Option 2 (Fig. 4b) indicate that:
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5. Resistivity cross-sections of the central profile of roof 2 of the Dong Do dam (a) Results of processing
(optlon 2).

Saturated Water Level: The saturated water level within the dam body reaches a depth of approximately 4 m.
However, it is noteworthy that the saturated water level is flat compared to the results observed in Option 1.
Boundary Definition: The boundary between the dam body and the dam foundation is clearly defined, ex-
tending to a depth of 15 m.

Resistivity Anomaly: Within the first 30 m of the profile, the low resistivity anomaly is significantly more
pronounced than in Option 1. This suggests a potential seepage occurring at the dam shoulder.

Central profile of roof 2
The processing results for this profile are presented in Fig. 5.

Option 1 (Fig. 5a): The processed pS values for the central profile of roof 2 reveal the presence of two distinct
layers: the embankment and the foundation. The embankment has an estimated thickness of approximately
8 m. Notably, between meter 12 and meter 65 of the survey section, a low-resistivity anomaly emerges from
the surface. This suggests the potential for seepage at the dam face, particularly when the lake water level rises.
Option 2 (Fig. 5b): The results indicate the presence of the saturated water level, floating seepage on the dam
surface, and the junction between the dam body and foundation, occurring at a depth of approximately 4 m.
However, compared to Option 1, the saturated water level does not exhibit the same uniform flatness.
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Fig. 6. Location of the seepage and heterogeneous areas on the Dong Do dam (visualized with the software:
Surfer 29.1.267 (64 bit) Mar 1 2025 (Free Trial), Copyright @ 1993-2025 Golden Software. LLC, https://www.g
oldensoftware.com/products/).

A comparison between the results obtained using the ISMEE method and those derived from pre-existing
boreholes?* demonstrates a consistent agreement. Based on the survey findings, the current status of Dong Do
dam is illustrated in Fig. 6.

Discussion
The newly data processing algorithms of the ISMEE method are developed based on the continuous improvement
of the (1D) improved electrical sounding method which was also proposed by us. The enhanced algorithms
offers two data processing options, allowing researchers to choose the most suitable approach depending on the
specific objects and objectives of their study, while still achieving satisfactory results.

In short, utilizing the ISMEE method with the newly improved processing algorithms proves to be more
effective than older methods, as it provides a comprehensive and detailed representation of the study environment.

Conducting three survey lines at Dong Do dam using the ISMEE method with newly improved processing
algorithms is entirely feasible. This approach yields highly reliable results in detecting changes in the embankment
caused by seepage or other heterogeneities that may lead to dam disturbance.

The survey results provide essential insights into the embankment, including its layering, the depth and
extent of the seepage area, and the presence of heterogeneities within the dam:

a. The resistivity cross-section along the middle of the dam surface reveals that the area extending from the left
shoulder to the 185th meter consists of three distinct layers. In contrast, the central section of Roof 1 contains
one fewer layer than of profile along the middle of the dam surface. Additionally, the central section of Roof
2 exhibits only two layers, which enhances the visibility of the boundary between the embankment and the
foundation.

b. Across all three sections of the dam, survey results have shown the presence of a low-resistivity anomaly
on the left shoulder. This anomaly may be the underlying cause of seepage from upstream to downstream,
suggesting the potential for surface seepage when the lake water level rises.

c. Heterogeneous areas have been identified at depths from the dam surface down to 11 m, as well as near the
spillway.

Conclusions
Based on the processing results obtained from the two analytical options, we have reached the following
conclusions:

Using Option 1, the structural representation of the environment is depicted more clearly in the resistivity
cross-sections, with flatter layer boundaries compared to Option 2. Therefore, applying the processing and
analyzing algorithm to the parameter pS* of the ISMEE method yields more accurate results in environments
characterized by horizontal layering or have horizontally elongated objects.

Using option 2, the application of the processing and analyzing algorithm to the improved Petrovski
parameter pl, reveals indications of stratification. However, compared to Option 1, the saturated water level
is less uniform, and the topmost low-resistivity layer is absent. These results produce a resistivity cross-section
accentuates variations in horizontal heterogeneities or blocky anomalies. Therefore, the processing and analysis
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algorithm in Option 2 of the ISMEE method proves more effective in environments that lack layering or contain
cubic objects.

The findings presented above confirm the effectiveness of the newly improved processing algorithms of the
ISMEE method. Furthermore, these algorithms provide the flexibility to choose between two processing options,
allowing researchers to tailor the approach based on the objectives and specific characteristics of their study. This
enhances the efficiency of the processing workflow while ensuring optimal results.. Therefore, these algorithms
can be applied not only for detecting seepage areas, but also for identifying potential hazards in dams—even
when no visible signs of deterioration are present.

Data availability

Data is provided within the manuscript.
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