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Abstract 

Resistivity and Seismic Characterization of an Embankment Dam. A Case Study in 

Northern Sweden 

Álvaro Polín Tornero 

The main cause of failure in embankment dams - which represent 75% of all dams in the world (ICOLD, 

2018) - is the internal erosion produced by excessive seepage not accounted for in their designs. This 

erosion can cause that a small anomalous structure, not likely to be considered as risky, turns rapidly 

into a significant structural damage if not recognized on time. This creates a necessity for methods that 

can detect these anomalies in a non-intrusive, cost-effective and sensitive way. 

The purpose of this work is to analyse the strength of three geophysical methods (ERT and Seismic 

Refraction and Reflection) in detecting and accurately localizing anomalous structures inside an 

embankment dam. This study has been successfully approached in two different ways: by synthetic 

modelling and by an experimental field work at an embankment dam in northern Sweden. The results 

show that these methods are capable of detecting different structures in the interior of the dam in an 

accurate and rapid manner. 
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Populärvetenskaplig sammanfattning 

Resistivitet och seismisk karaktärisering av en jordfyllningsdamm. Ett fältarbete i

norra Sverige

Álvaro Polín Tornero 

Den främsta orsaken till brister i jordfyllningsdammar, som utgör 75% av alla dammar i världen 

(ICOLD, 2018) och är föremål för detta arbete, är inre erosion som orsakas av extrem läckage som togs 

inte med i beräkningar i deras konstruktioner. Denna erosion kan resultera i att en liten anomal struktur, 

som sannolikt inte anses vara riskabel, snabbt blir en betydande strukturell skada om den inte är 

uppmärksammas i tid.  

Därför krävs metoder som kan upptäcka dessa anomalier på ett icke-påträngande, kostnadseffektivt 

och känsligt sätt. Syftet med detta arbete är att analysera möjligheterna med tre geofysiska metoder 

(ERT, Seismisk Refraktion och Seismisk Reflektion) för att upptäcka och exakt lokalisera anomala 

strukturer inuti en jordfyllningsdamm. Denna studie har utförts på två fronter: genom (i) syntetisk 

modellering och (ii) ett experimentellt fältarbete vid en damm i norra Sverige. Resultaten visar att dessa 

metoder kan detektera olika strukturer inuti dammen på ett pålitligt och snabbt sätt. 

Nyckelord: jordfyllningsdamm, Sverige, ERT, seismisk refraktion, seismisk reflektion, modellering 
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1 Introduction and background 

Embankment dams are constructed of either earth fill or a combination of earth and rock fill and 

represent 75% of all dams in the world according to ICOLD (2018). One of the principal causes of 

embankment dam failure is their internal erosion (ICOLD, 1995; Foster et al., 2000). Earth and rock fill 

are, to a certain extent, permeable materials and, therefore, embankment dams are expected to have 

some seepage restricted by drainage systems included in their designs. However, this seepage can 

sometimes become excessive and/or find new paths, threatening the integrity of the dam and its 

foundation (Osazuwa & Chinedu, 2008). Such unexpected seepage causes material transport in the 

interior of the dam, resulting in increased seepage flow that, in turn, leads to transport of more material, 

which could result in sinkholes at the dam’s crest. The signs of internal erosion are not always easily 

noticeable and the time between a visible warning and the full failure of the dam can occur in a matter 

of few hours (Sjödahl et al., 2009). 

Thus, conceiving new ways of identifying signs of anomalous seepage and internal erosion in a 

“rapid, cost-effective and efficient” way is necessary (Loperte et al., 2016). There is a need for methods 

that give information about the mechanical and structural properties of the dam’s interior and its bedrock 

foundation, including investigations on the structure and surroundings of the dam (Karastathis et al., 

2002). According to Ikard et al. (2014), these methods must have: 

- accurate non-invasive detection abilities over both extensive and reduced scales, 

- a fast measurement process in order to be able to describe real time phenomena 

- and the capability of making quantitative estimations with high resolution. 

Geophysical methods meet these criteria and are also able to cover the whole length of the dam, 

giving significantly more representative results than the classical drill hole samples, which only give 

information about the material in the area where the drilling is conducted. 

Depending on the problem we need to deal with, different geophysical methods are suitable. 

Electrical methods, such as the Electrical Resistivity Tomography (ERT) or the Self Potential (SP) 

methods are very sensitive to the presence of water and, thus, can be useful for detecting material 

moisture or current flows. Seismic methods are suitable for characterizing the mechanical properties of 

the material and for detecting voids or fractures (Dai et al., 2017). Usually, given the inherent uncertainty 

of characterizing the interior of a dam in a non-intrusive manner, the best way to proceed is to apply 

several of these methods, preferably with different sources (seismic, electric, gravity, magnetic, etc.) 

and cross-check the obtained results. This way, the analysis and characterization would be optimal. 
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For at least the past 20 years, geophysical methods have been widely utilized in the monitoring, 

analysis and quality testing of dams and have proven to be very effective in detecting internal flaws 

whether with seismic or electrical methods or with a combination of both (see all above citations). 

This work studies the potential of three geophysical methods (ERT, Refraction and Reflection 

Seismics) as effective tools in the analysis of embankment dams. For that purpose, a field study was 

conducted at an embankment dam in Sweden, where both electrical and seismic surveys were tested. 

Moreover, several synthetic models were performed to show the capacity and resolution of these 

methods in detecting anomalous internal structures and provide reference for the interpretation and 

discussion of the results obtained in the field study. 

1.1 The dam 

The studied dam is situated in northern Sweden and was constructed more than fifty years ago. It has a 

height of almost 50 meters at its highest point, a total length of more than 500 meters and a slope of 

around 30º (35º in the upper 12 meters) on the downstream side. It possesses a central impervious core 

of moraine surrounded by geotextile filter zones and upstream and downstream shells filled with earth 

and rock -consisting of schist and gneiss with a high content of mica- taken from the excavation of the 

power station, diversion and tailrace tunnels in the area. 

Figure 1. Transversal cross-section of an embankment dam (Peyras et al., 2011). 

It is also worth mentioning that the studied dam is divided into two other dams by a spillway; the 

subject of this work is the biggest dam, which has a length of more than 300 meters.



3 

2 Methods 

2.1 Electrical Resistivity Tomography (ERT) 

This method consists in using a pair of electrodes to feed an electric current into the ground, with a 

known intensity, and another pair of electrodes to measure the voltage generated by this current between 

two points in the ground. 

It is based on the concept of resistivity (ρ), defined as the constant of proportionality between the 

electrical resistance of a material (R) –that is, the opposition this material makes to an electric current 

passing through it– and the ratio of its length (L) to its cross-section (A): 

𝑅 = 𝜌
𝐿

𝐴
 ,      (1) 

making resistivity a measure of the “intrinsic resistance” of a certain material. 

According to Ohm’s law, electric resistance (R) is also defined as the ratio between the potential drop 

(V) and the applied current intensity (I). Therefore: 

𝑅 = 𝜌
𝐿

𝐴
=

𝑉

𝐼
⇒ 𝜌 =

𝑉𝐴

𝐼𝐿
 [Ω · 𝑚]  (2) 

And so is defined the physical magnitude of resistivity. But the subsurface is not a homogenous 

medium and thus we cannot measure its resistivity. Instead, we measure the apparent resistivity (ρa), 

which is a product of the ground’s resistance (R) and a geometric factor (K) based on the distances 

between the electrodes: 

𝜌𝑎 = 𝑅 · 𝐾 =
𝑉

𝐼
· 2𝜋 [

1

𝐶1𝑃1
̅̅ ̅̅ ̅̅

−
1

𝑃1𝐶2
̅̅ ̅̅ ̅̅

−
1

𝐶1𝑃2
̅̅ ̅̅ ̅̅

+
1

𝑃2𝐶2
̅̅ ̅̅ ̅̅ ]

−1

 ,     (3) 

where C1,2 are the current electrodes (used to feed the current), and P1,2 are the potential electrodes (used 

to measure the voltage). The distances between the electrodes depend both on the geometry of the data 

acquisition spread and the electrode configuration used. In this study, two array types were employed: 

Wenner and Schlumberger. 

2.1.1 Wenner configuration 

In the Wenner configuration (Figure 2), all four electrodes are equidistant one to another and the outer 

two electrodes inject the current while the inner two electrodes measure the potential. 
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Figure 2. Example of Wenner configuration. 

 This defines the apparent resistivity as: 

𝜌𝑎 = 𝑅 · 𝐾 =
𝑉

𝐼
· 2𝜋 [

1

𝑎
−

1

2𝑎
−

1

2𝑎
+

1

𝑎
]

−1

= 2𝜋𝑎
𝑉

𝐼
 (4) 

2.1.2 Schlumberger configuration 

In the Schlumberger array (Figure 3), the relative position of current and potential electrodes is the same 

as before (two potential electrodes between two external current electrodes), but the electrodes installed 

at the centre of the array have a small separation, typically less than one fifth of the spacing between the 

outer electrodes (Keller, 1966). 

Figure 3. Example of Schlumberger configuration. 

The apparent resistivity is then given by: 

𝜌𝑎 = 𝑅 · 𝐾 =
𝑉

𝐼
· 2𝜋 [

1

𝑏
−

1

𝑏 + 𝑎
−

1

𝑏 + 𝑎
+

1

𝑏
]

−1

= 𝜋
𝑏(𝑏 + 𝑎)

𝑎

𝑉

𝐼
 (5) 

In both configurations, increasing the distance between the outer electrodes allows the current to 

reach greater depths, giving information of the deeper layers. Although there are minor differences 

between each configuration when it comes to the penetration depth, the most important difference is the 

practical convenience in the field work. With the Wenner array it is necessary to move all electrodes to 

reach greater depths, while, with the Schlumberger configuration, only the outer pair of electrodes has 

to be moved. However, in our case, there was no difference in this regard, as we deployed 41 electrodes 

equidistant one to another and used an ABEM Terrameter LS (Guideline Geo, 2016), a data acquisition 

I 

V 

a a a 

I 

V 

b a b 

C1 P1 P2 C2 

C1 P1 P2 C2 

http://www.guidelinegeo.com/
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system with an built-in electrode selector which automatically selects current and potential electrodes 

for both configurations along the whole array. 

The result of ERT, after the inversion of the data, is a section of the subsurface showing the resistivity 

spatial distribution (Loperte et al., 2016). 

ERT is a useful method for dam analysis and characterization because the resistivity measurement is 

very sensitive to the presence of water. Water-saturated areas become very conductive and, therefore, 

show low resistivity. Nevertheless, due to the presence of other conductive objects, such as metallic 

pipes, ground cables, etc., it is not always possible to distinguish between these features. Also, “ERT is 

sensitive to the presence of conductive pore fluids but is not a flow indicator” (Ikard et al., 2014). Hence, 

a geophysical study should preferably consist of a combination of methods susceptible to different 

properties of the present materials in the study area. 

2.2 Seismic survey 

A seismic survey consists in generating a signal in the ground, with a known position and time, and 

measuring the time it takes for the resulting seismic waves to get from the source to the seismic detectors 

(geophones) spread along the survey line/s. These travel times will give us information about the 

reflections and refractions the seismic waves suffered through the sub-surface. The recording and 

subsequent data processing will enable a detailed analysis of the seismic waveforms. The derived 

information is used to develop images of the sub-surface structure and a knowledge of the physical 

properties of the materials present (Reynolds, 1997). 

Seismic waves travel from the source to the geophones by three main pathways: along the surface 

(direct wave, Figure 4 (a)), reflecting on the boundaries between layers (reflected waves, Figure 4 (b)) 

and refracting through these boundaries (refracted waves, Figure 4 (c)). 

Figure 4. Seismic wave ray transmissions in the subsurface (Peterie et al., 2014). (a) Direct wave. (b) Reflected 

waves. (c) Refracted waves. 
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In this work we focused both on seismic refraction and reflection methods. 

2.2.1 Refraction seismics 

The mayor advantage of the refraction method is that it can resolve lateral changes in the depth to the 

top of a refractor and the seismic velocity within it (Reynolds, 1997). 

Its basic principle is that when a seismic wave arrives upon a boundary across which there is a 

contrast in the seismic velocity, the direction in which the wave is travelling changes when entering the 

new medium (Figure 5). The new direction of the wave depends on the contrast of velocity according 

to Snell’s Law: 

1

𝑣1
sin(𝑖) =

1

𝑣2
sin(𝑟)  (6) 

Figure 5. A schematic diagram of reflected and refracted rays generated from an incident ray at an interface of 

two media (Encyclopædia Britannica, 2006). 

With increasing depth, which usually results in increasing pressure, the wave encounters higher 

velocities and, therefore, increasing refracted angles, i.e. the wave bends upwards. When this angle 

becomes horizontal, critical refraction occurs and the wave travels along the boundary between the two 

layers until it bends up again and rises to the surface. 

The geophones in the proximity of the source will first detect the arrival of the direct wave but, after 

a certain offset, the refracted waves arrive first to the surface, since velocity usually increases with depth 

and they become faster (Figure 6). If there are more layers, their velocity will commonly be higher, and 

the waves refracted in these boundaries will arrive first at higher offsets. 
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Figure 6. Relation between offset and arrival time for different waves (UCL, 2018). 

For each refractor, once the data has been processed, the first arrivals will follow a linear trend with 

a slope that can be calculated with a simple linear regression. The inverse of this slope will give the 

velocity of the layer underneath the boundary in which the wave refracted (Figure 6). For several 

refractors, there will be different slopes and, hence, we will be able to infer the velocity of multiple 

layers in the sub-surface. 

From the velocity of the material we can derive a number of important properties such as rock 

strength, rippability and potential fluid content (Reynolds, 1997). Therefore, the application of seismic 

refraction at a dam can identify areas of eroded, less consolidated material as well as fractures or 

spillways in the internal structure and its foundation. 

2.2.2 Reflection seismics 

Regarding the reflection method, it essentially consists in measuring the two-way travel time (TWTT) 

of the generated waves, i.e. the time that takes a seismic wave to travel from the source to the top of the 

reflector (a boundary between two layers with different velocities and densities) and back to the surface, 

where its arrival will be measured by the geophones. 

Using several source stations at different locations, we can better characterize the same reflection 

point in the subsurface, called common depth point (CDP). This is done for multiple CDPs along the 

survey line so that, after the necessary processing of the data, we will be able to locate the reflector and, 

consequently, gather information about the geometry and the materials in the subsurface. 

The vertical resolution of the seismic methods depends on the frequency of the waves and the 

geometry setup (distance and geophone separation). It is accepted that the minimum vertical size of any 

subsurface structure susceptible of being detected by a seismic wave must be of at least ¼ of its 

wavelength. 
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3 Data acquisition 

The road that goes along the dam’s crest prevented the measurements to be conducted there. Instead, 

two survey lines were deployed on the downstream side along two service roads approximately parallel 

to the longitudinal axis of the dam (Figure 7). This caused that neither of both lines could be placed over 

the central moraine core -which is situated below the dam’s crest and is considerably narrow- preventing 

its study. 

Figure 7. Positions of Lines 1 and 2 from different perspectives. (a) A Google map showing the location of the 

studied dam (Google Maps, 2018). (b) The dam site seen from the downstream side. 

On the upper line (Line 1) -closer to the dam’s crest- both ERT and seismic surveys were performed. 

On the lower line (Line 2), only an ERT study was carried out. For the two ERT lines, 41 stainless steel 

electrodes connected by a copper cable were used, with the electrode spacing of 5 m, resulting in a total 

line length of 200 m. The data acquisition system used was an ABEM Terrameter LS (Guideline Geo, 

2016), which makes a measurement for every possible combination of two pairs of electrodes (current 

and potential) along the line. This was done for both Wenner and Schlumberger configurations in Line 

1 and for Wenner in Line 2. It should be noted that the ground conditions for the ERT survey were not 

perfectly adequate: it was drier than desirable and, especially in Line 2, there were points where the 

Line 1 

Line 2 

Line 1 

Line 2 

N 

NE SW 

(a) 

(b) 
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ground was composed of rocks, with almost no soil between them, which resulted in the poor contact 

between the electrodes and the ground material. These two circumstances are likely to affect the 

measurements giving higher resistivity values near the surface and deteriorating the resolution of the 

inversion method. 

For the seismic survey, a streamer of 100 geophones was spread along Line 1. The geophone 

separation was 2 meters, except for the 20 geophones closer to the north-east end of the dam, where the 

distance between them was 4 meters. Hence, the total length of the line was 236 m. Once the geophones 

were placed, a sledgehammer of 10 kg was used to hit directly on the ground (both a metal plate and a 

rubber plate were tested but didn’t provide good readings) to produce the seismic signal. These shots 

were fired next to every geophone in Line 1 and were repeated eight times for better resolution after 

stacking. 

Also, 12 wireless geophones were placed along Line 2 and on the upstream side of the dam which 

would have given the possibility of 3D imaging for a better coverage of the dam’s interior. 

Unfortunately, the shot source was not energetic enough for these geophones to register any arriving 

waves. 

Finally, the location of every electric and seismic station was registered with a GPS device.
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4 Processing 

The software used for processing of the ERT data was RES2DInv (www.geotomosoft.com). This 

software allows to directly import the gathered data without almost any pre-processing, including the 

topography of the area. Afterwards, the inversion is carried out, with multiple possible choices regarding 

the inversion method and parameters. In this study, no data points were eliminated and the inversion 

was done with a standard approach. 

For the seismic data, the processing was more complex. Two software packages were used: Globe 

Claritas (www.globeclaritas.com) and Rayfract (rayfract.com).  

Typically, during the seismic refraction and/or reflection data acquisition, an electronic trigger is 

connected to the sledgehammer which sends a signal to the recording software to initiate the measuring 

exactly at the time when the hammer hits the ground. This way, there is a common reference for the 

starting of every measurement and the data can be stacked properly. The stacking process at this first 

stage consists in summing all the signals recorded by the same geophone for different shots, with the 

purpose of improving the quality of the signal, i.e. the signal-to-noise ratio. But this cannot be 

accomplished if the signal arrives at different times for each shot, because the common features detected 

in each signal would be shifted in time for the different shots and, therefore, would not match when 

stacked, eliminating all significant information gathered. In our case, the trigger was not working 

correctly, so the measuring had to be started manually, which supposed a delay between the initial time 

of the recordings and the arrivals of the first wave. Therefore, the first stage of the Claritas processing 

was to eliminate this delay for every shot in order to make the stacking possible. When this was 

accomplished, the data of every station was summed and the first breaks were picked in all traces. Then, 

the coordinates for each station were added to the data, a geometry database was built, and a CDP gather 

was created.  This was followed by velocity analysis and data stacking (in this case, it was the stacking 

of the data for every geophone in all shots fired along the survey line). 

For the refraction method, the recorded data were imported in Rayfract and the inversion was carried 

out with different interpolation methods and number of iterations in several attempts to reach the most 

fitting outcome.
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5 Modelling 

The main objective of this work is to show the potential of both ERT and seismic methods to detect 

anomalous structures inside a dam. For that purpose, several synthetic dam models have been designed, 

including a range of different anomalies. Then, artificial surveys were performed for each model and 

the synthetic data was processed and inverted. The obtained results help us to determine if anomalies 

similar to the ones used in each case could be detected in a real survey. 

The models try to resemble as much as possible the structure and typical values of an earth and rock-

filled dam as is the dam where experimental measurements were carried out. However, the goal of these 

models is not to make a detailed and exact replica of the interior of this particular dam, but to represent 

a dam’s structure in a schematic and general way which could be applied to many different embankment 

dams. 

The electric and seismic models have 200 m and 240 m width, respectively, with the bedrock lying 

at a depth of about 40 m. The resistivity and P-wave velocity values chosen for the dam and the bedrock 

in the modelling study are based on the average values found in literature (Henkel 1976; Reynolds 1997) 

for the geological characteristics at the dam site, which are also standard values for sediments and rocks 

that could be found elsewhere, especially in Sweden. The values chosen for the anomalies vary, as the 

intention was to study the effect of a range of different contrasts, depths and sizes. 

5.1 ERT models 

The ERT models have been designed with 41 electrodes with a separation of 5 m, replicating the real 

survey performed at the studied dam. 

The software used to build up the models was RES2DMod, and RES2DInv for processing of the 

synthetic data. The RES2D software package gives the possibility of building a model and generating 

synthetic measurements of apparent resistivity which can be then inverted using multiple configurations. 

However, it should be noted that this software has a particular and complex way of determining the 

colour scale for each inversion. Therefore, the reader should bear in mind that, in the following section, 

almost each figure will have a different colour scale represented in the top-left corner of the figure, for 

the models, or the bottom-left corner of the figure, for the inversions. 

5.1.1 Model 1: Homogeneous dam 

The first and simplest model created represents a dam with a constant resistivity value of 1000 Ω·m on 

top of a considerably more resistive bedrock of 104 Ω·m, which starts at 40 m depth (Figure 8). 
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Figure 8. Homogeneous dam model with no anomalies inserted. 

This model was used as a baseline to examine the effect of changes of different variables: anomaly’s 

depth, size, resistivity contrast and array configuration. 

Regarding the resistivity contrast, it is clearly observed that its value is directly related with the ability 

to detect inserted anomalies (Figure 9). 

 

 

 

Figure 9. (a) Homogeneous dam model with 5x7 m anomaly inserted at 8 m depth. (b) Schlumberger inversion 

for 100 Ω·m anomaly resistivity value. (c) Schlumberger inversion for 500 Ω·m anomaly resistivity value. 

(a) 

(b) 

(c) 
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As it can be seen in Figure 9, an anomaly with a resistivity of 100 Ω·m (Figure 9 (b)) is almost 

perfectly resolved, whereas the one with a resistivity of 500 Ω·m (Figure 9 (c)), could be almost missed 

when interpreting the data. 

Concerning the electrode configuration, the tests indicate that the Schlumberger array detects better 

the position and size of the anomalous bodies. For the same anomaly as before, the results for both 

anomalous resistivity values (100 Ω·m and 500 Ω·m) with the Wenner configuration are shown in 

Figure 10. 

 

 

Figure 10. (a) Wenner inversion for 5x7 m anomaly inserted at 8 m depth with 100 Ω·m resistivity value. (b) 

Wenner inversion for 5x7 m anomaly inserted at 8 m depth with 500 Ω·m resistivity value. 

It is also worth mentioning that the Schlumberger array reaches deeper levels. As stated before, the 

main advantage of the Wenner configuration is its deploying commodity and computing speed. 

Considering the depth and size of the anomalies, the limits of what is detectable varies, as it has just 

been established, depending on the resistivity contrast and the array used. Therefore, several results will 

be presented here, for different anomaly positions and sizes, using the Schlumberger configuration, 

which has proven to better resolve them. 

It can be affirmed that the deeper the anomaly is located, the larger it needs to be in order to be 

detected. This can be seen in the next three examples, where an anomaly of 5 m width is placed at depths 

of 8, 15 and 25 meters (Figures 11, 12, and 13). For each depth the body is also larger in the vertical 

axis (a constrain of the software). 

(a) 

(b) 
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Figure 11. (a) Homogeneous dam model with 5x7 m anomaly inserted at 8 m depth. (b) Schlumberger inversion 

for 100 Ω·m anomaly resistivity value. 

 

 

Figure 12. (a) Homogeneous dam model with 5x10 m anomaly inserted at 15 m depth. (b) Schlumberger inversion 

for 100 Ω·m anomaly resistivity value. 

(a) 

(b) 

(a) 

(b) 



15 

 

 

 

Figure 13. (a) Homogeneous dam model with 5x15 m anomaly inserted at 25 m depth. (b) Schlumberger inversion 

for 100 Ω·m anomaly resistivity value. 

At the depth of 8 meters (Figure 11), the anomaly was unambiguously identified. In Figure 12, for 

an anomaly of the same width, but located 7 m deeper, the inversion returned a smooth resistivity 

contrast indicating its approximate position. In the case when the anomaly is placed at the depth of 25 

meters (Figure 13), the method was unable to locate it. 

In addition, a related point to consider is that as the anomalies come close to the surface, the accuracy 

at localizing them increases; the inversion method locates the deepest anomalies (from 25m to 40m 

depth) at 15-20 meters below the surface, i.e. 5 to 10 meters higher than it should, whereas shallower 

ones are more accurately pinpointed (Figures 14 and 15). 

 

(a) 

(b) 

(a) 
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Figure 14. (a) Homogeneous dam model with 2.5x4 m anomaly inserted at 4 m depth. (b) Schlumberger inversion 

for 100 Ω·m anomaly resistivity value. 

 

 

Figure 15. (a) Homogeneous dam model with 20x15 m anomaly inserted at 25 m depth. (b) Schlumberger 

inversion for 100 Ω·m anomaly resistivity value. 

5.1.2 Model 2: Heterogeneous dam 

For this model, several layers with resistivity values decreasing with depth were introduced in the dam 

model: 104 Ω·m in the first meter, 5000 Ω·m from 1 to 4 meters depth, 1500 Ω·m from 4 to 25 meters, 

and 1000 Ω·m in the last layer above the bedrock at 40 m depth (Figure 16). The resistivity value of the 

bedrock remained at 104 Ω·m. The reason for designing this model was based on the assumption - 

supported by literature like Fargier et al. (2014) and Cho & Yeom (2007) - that, in embankment dams, 

which always have some seepage through them, the interior is usually more wet than the higher parts of 

the crest, leaving better conductive material as depth increases and more resistive material near the 

surface. 

(b) 

(a) 

(b) 
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Figure 16. Heterogeneous dam model with no anomalies inserted. 

The accuracy in the localization of anomalous bodies of this more complex and realistic model is 

practically equal to the previous one, but it can be noticed that the depth of the deepest anomalies is 

more accurately represented. In Figures 17 and 18 the last anomaly tested in the homogeneous model is 

represented again and compared with the same anomaly tested in the heterogeneous model. 

 

 

Figure 17. (a) Homogeneous dam model with 20x15 m anomaly inserted at 25 m depth. (b) Schlumberger 

inversion for 100 Ω·m anomaly resistivity value. 

(a) 

(b) 
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Figure 18. (a) Heterogeneous dam model with 20x15 m anomaly inserted at 25 m depth. (b) Schlumberger 

inversion for 100 Ω·m anomaly resistivity value. 

It can be observed that, for the homogeneous model (Figure 17), the anomaly is localized after the 

inversion at around 15 m depth, when it was originally placed in the model at 25 m depth. However, in 

the heterogeneous dam model (Figure 18), the inversion showed the anomaly starting at 20 m depth. 

Finally, an asymmetric model was tested in order to check the validity of the deductions derived from 

the previous inversions in a less “ideal” case (Figure 19). 

It can be perceived that the vertical accuracy of the method is not affected by this asymmetric model, 

localizing the anomaly a bit higher than it should be, but not more than previously. A difference that has 

been found, though, is that it seems that the anomaly is presented slightly more centred than it was 

originally located, especially for the Wenner configuration, which has proven to be far less accurate than 

the Schlumberger. 

 

(a) 

(b) 
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Figure 19. (a) Heterogeneous asymmetric dam model with 20x15 m anomaly inserted at 25m depth and to the left 

side of the model. (b) Schlumberger inversion for 100 Ω·m anomaly resistivity value. (c) Wenner inversion for 

100 Ω·m anomaly resistivity value. 

5.2 Refraction models 

The seismic models have been designed with 100 stations (both source points and receivers) separated 

by a distance of 2.4 meters, resulting in a total profile length of 240 m. 

The software used to build up the models was Surfer (www.goldensoftware.com) and the package 

Rayfract to invert the estimated travel times. 

5.2.1 Model 1: Homogeneous dam 

The first model tried has a constant velocity value of 1000 m/s from the top to 40 m depth, simulating a 

homogenous dam. From there, velocity increases steadily with depth from 1000 m/s up to 6000 m/s at 

(a) 

(b) 

(c) 

http://www.goldensoftware.com/
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100 m depth, simulating the bedrock (Figure 20). The colour scale in the figures will only show up to 

4000 m/s velocities for better visualization. 

 
Figure 20. Homogeneous dam model with no anomalies inserted. 

Unfortunately, the model is absolutely ineffective in detecting any type of the inserted anomaly, not 

even large and shallow ones with great velocity contrasts, which should, theoretically, be easier to 

localize. The reason for this is that the homogeneous layer that represents the body of the dam acts as a 

barrier for the seismic waves to propagate deeper. Therefore, the wave depth penetration in the sub-

surface is not large enough to travel through the whole dam, preventing its mapping, as we can see from 

the ray coverage distribution in Figure 21. 

  

Figure 21. Ray coverage representation for Homogeneous dam model with no anomalies inserted. 
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A vast majority of the rays don’t penetrate more than a couple of meters down in the dam and the 

few that do so, travel through the faster layers deep in the bedrock. Therefore, the anomalies in the dam 

cannot be revealed. 

Anyways, this model is arguably not a good representation of an embankment dam, as the earth and 

rock-fill at depth should be more compacted and, thus, have a higher wave velocity. In a gravity dam, 

however, this model could fit. The properties of the concrete prevent it to be affected by pressure as 

much as a looser material is. In the paper by Karastathis et al. (2002), they state that the depth penetration 

of the seismic method they implemented on a concrete dam was about 5 meters. 

5.2.2 Heterogenous dam 

For the following models, a linear gradient in wave velocity with depth was introduced in the dam, 

simulating the expected increase that would come with incrementing pressure. Different gradients were 

tried for both the dam and the bedrock in order to include different ray coverage distribution scenarios 

within the body of the dam. 

5.2.3 Model 2 

In this case, the P-wave velocity values go from 500 m/s at the top to 1000 m/s at the bottom of the dam 

at 40 m depth. The gradient in the bedrock is the same as before: from 1000 m/s to 6000 m/s at 100 m 

depth (Figure 22). 

  

Figure 22. Model 2 with no anomalies inserted. 
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The first anomaly tested was one that was not detected by the previous model: a big anomalous body 

at 25 m depth (Figure 23). 

 

  

Figure 23. (a) Model 2 with 40x15 m anomaly inserted at 25m depth. (b) Inversion for 500 m/s anomaly velocity 

value. 

This model was capable of finding the anomaly, not perfectly depicted, but with good accuracy in its 

localization. Although it is true that the boundary with the bedrock is drawn up from where it should be 

and that its gradient is a bit smoother than in the synthetic model, Model 2 represents a big improvement 

in the dam’s representation. 

(a) 

(b) 
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To examine if the width and position of the anomaly would affect the results (in principle the 

resolution of this method is more influenced by the vertical dimension), a similar feature was introduced 

with the same height, but moved away from the centre of the survey line (Figure 24). In the second 

scenario (Figure 25), the anomalous body maintains the same position within the dam but has only half 

of the original width. 

  

 

Figure 24. (a) Model 2 with 40x15 m anomaly inserted at 25m depth and to the left side of the model. (b) Inversion 

for 500 m/s anomaly velocity value. 

(a) 

(b) 
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Figure 25. (a) Model 2 with 20x15 m anomaly inserted at 25m depth and to the left side of the model. (b) Inversion 

for 500 m/s anomaly velocity value. 

It becomes clear that the position of the anomaly does not affect the resolution capacity of the method, 

but its width does. In fact, when the width is changed, only a slight hint of the anomaly is observed in 

the inversion. 

Considering the model acquisition parameters (v = 1000 m/s, f = 150 Hz), our vertical resolution 

should be of at least ~2 meters. 

This, together with the fact that the vertical dimension of the anomalous structure was not changed, 

implies that another factor is affecting the model’s detection capability: ray coverage. As inferred before 

(a) 

(b) 
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in the homogenous model, good ray coverage is essential for imaging different structures. If the anomaly 

and its surroundings are not in an area crossed by the seismic waves, our theorical vertical resolution is 

not applicable. 

 

Figure 26. Ray coverage for Model 2 with no anomalies inserted (the colour scale is different from the previous 

ray representation). 

In spite of having a much better coverage of the whole subsurface than the homogeneous model, 

there is still a problem with the rays travelling very deep through the highest velocity layers (Figure 26). 

This implies that the rest of the dam is not crossed by enough rays to characterize the whole area with 

the desired resolution. In addition, since a great percentage of the rays travel so deep, a sort of “blind 

spot” is originated in the centre of the dam, between 20 m and 35-40 m (the lower half of the dam), in 

which the coverage is extremely lower than below that, making it impossible to detect any irregular 

structures in the zone. 

5.2.4 Model 3 

In this model the intention is to see the effects of having less difference between the velocity in the dam 

and in the bedrock, with the purpose of preventing the rays to be driven to the very high velocities in 

the deepest part of the model. Hence, the values in the dam (down to 40 m depth) will be increased by 

500 m/s, i.e. from 1000 m/s at the top to 1500 m/s at the bottom, and the bedrock (below 40 m depth) 

will have a much smoother gradient will go from 1500 m/s to 4000 m/s (instead of 6000 m/s) at 100 m 

depth. 
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Figure 27. Model 3 with no anomalies inserted. 

Regarding the ray coverage, it is noticeable that the original intention of expanding the observable 

area of the sub-surface has not entirely been fulfilled (Figure 28). 

  

Figure 28. Ray coverage for Model 3 with no anomalies inserted (the colour scale is different from the previous 

ray representation). 

However, a higher concentration of the rays on the mid-upper half of the dam has been obtained. 

Therefore, the goal of obtaining a better distribution of the rays was partially achieved, as the difference 
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between the dam’s and the bedrock’s ray density has been clearly reduced. This means that an anomaly 

present in this area could be more visible than in the previous case. 

In order to prove this assumption, two anomalies slightly smaller than the last one tested on Model 

2 (which was hardly detected) were introduced in both a deep and a shallow location (Figures 29 and 

30, respectively) for this model. 

 

 

Figure 29. (a) Model 3 with 15x15 m anomaly inserted at 25m depth and to the left side of the model. (b) Inversion 

for 500 m/s anomaly velocity value (the colour scale was changed to improve the visualization). 

(a) 

(b) 



28 

 

 

 

Figure 30. (a) Model 3 with 15x15 m anomaly inserted at 5m depth and to the left side of the model. (b) Inversion 

for 500 m/s anomaly velocity value (the colour scale was changed to improve the visualization). 

Figure 29 shows that the model is, again, practically unable to distinguish any anomalous feature 

smaller than 20 m width at more than 20 m depth. Nevertheless, in the second case, with a shallow 

anomaly 15 m wide, the results are quite explicit. 

(a) 

(b) 
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Given the encouraging result for the shallow case, even smaller anomalies were tested to see if they 

could be detected (Figures 31 and 32). 

 

 

Figure 31. (a) Model 3 with 10x10 m anomaly inserted at 5m depth and to the right side of the model. (b) Inversion 

for 500 m/s anomaly velocity value (the colour scale was changed to improve the visualization). 

(a) 

(b) 
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Figure 32. (a) Model 3 with 5x10 m anomaly inserted at 5m depth and to the right side of the model. (b) Inversion 

for 500 m/s anomaly velocity value (the colour scale was changed to improve the visualization). 

In the first case, the anomaly is still clearly detected (Figure 31(b)); on the other hand, the second 

anomaly (Figure 32) seems to be the limit of the resolution of this model, as it is roughly detected. 

Nevertheless, the results for this model below 20 m depth are very similar to the previous one, so 

there is need of designing models with increased ray coverage in that area. 

(a) 

(b) 
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5.2.5 Model 4 

This last linear gradient model was designed to evaluate the consequences of not having a real difference 

in the velocity increase with depth between the dam and the bedrock. Therefore, the gradient is constant 

along the vertical axis, making it steeper than in any other model in the dam part, but smoother at the 

bedrock. At top of the dam the velocity is 1000 m/s and goes up to 4000 m/s at 100 m depth (Figure 33). 

 
Figure 33. Model 4 with no anomalies inserted. 

  
Figure 34. Ray coverage of Model 4 with no anomalies inserted (the colour scale is different from the previous 

ray representation). 

The high ray coverage in this model (Figure 34) represents the best scenario for testing the resolution 

limits of the method. Therefore, several anomalous formations have been inserted, from larger and 

deeper to smaller and shallower. 

The smallest anomaly the model has detected in high depths will be used to analyse the effect of 

changing the velocity contrast between the dam and the anomaly (Figure 35). 



32 

 

 

 

 

Figure 35. (a) Model 4 with 40x15 m anomaly inserted at 25m depth. (b) Inversion for 500 m/s anomaly velocity 

value. (c) Inversion for 100 m/s anomaly velocity value. 

(a) 

(b) 

(c) 
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As it can be observed in Figure 35, there is no difference between the two results. We can thus assume 

that an increased velocity contrast does not affect the ability of the method to resolve a body that is 

already detected with a less contrasting velocity value. 

Changing the subject of analysis to the vertical position, the same anomaly is now located 10 m 

higher than before (Figure 36). 

Figure 36. (a) Model 4 with 40x15 m anomaly inserted at 15m depth. (b) Inversion for 100 m/s anomaly velocity 

value. 

(a) 

(b) 
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It becomes clear that depth is a more decisive factor in detecting two anomalies of the same size than 

velocity contrast. 

Continuing this variable analysis, changes in size and depth were applied to the anomalies inserted 

in the model in order to determine the detection limits of the model (Figures 37, 38 and 39). 

Figure 37. (a) Model 4 with 15x15 m anomaly inserted at 10 m depth. (b) Inversion for 100 m/s anomaly velocity 

value (the colour scale was changed to improve the visualization). 

(a) 

(b) 
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Figure 38. (a) Model 4 with 10x10 m anomaly inserted at 5m depth. (b) Inversion for 100 m/s anomaly velocity 

value (the colour scale was changed to improve the visualization). 

(a) 

(b) 
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Figure 39. (a) Model 4 with 5x5 m anomaly inserted at 5m depth. (b) Inversion for 100 m/s anomaly velocity 

value (the colour scale has been changed to improve the visualization). 

5.3 Reflection models 

Reflection seismic modelling was performed to better understand the resolution possibilities and 

limitations of the setup used in the field study. This is especially important considering relatively low 

frequency seismic source for the shallow depths investigated during the field work (i.e. down to ~ 40 

(a) 

(b) 
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meters depth). The modelling was performed using the 2D finite difference elastic code by Juhlin (1995) 

and using the same acquisition parameters as in the refraction modelling, as well as properties similar 

to the ones used in Model 4. 

The model designed has a velocity of 1500 m/s in the first 20 meters, 2000 m/s in the next 20 meters, 

and 2500 m/s below 40 m (Figure 40 (a)). The results obtained with FD modelling are shown in Figure 

40 (b). 

 

 

Figure 40. (a) Reflection base model with no anomalies inserted. (b) Seismogram obtained by FD modelling. 

Two scenarios were tested using small- and large-scale anomalies (Figures 41 and 42, respectively) 

which in both cases represent permeable areas, i.e. areas with low seismic velocities and densities, with 

a velocity contrast similar to some used in the seismic refraction models (around 500 m/s). 

The results show limited resolution power of the setup used. That is, only very large anomalies could 

be well resolved (Figure 42 (b)). 

(a) 

(b) 
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Figure 41. (a) Reflection model with 5x5 m anomaly at 15 m depth. (b) Seismogram obtained by FD modelling. 

Figure 42. (a) Reflection model with 10x10 m anomaly at 10 m depth. (b) Seismogram obtained by FD modelling. 

(a) 

(b) 

(a) 

(b) 
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6 Field work results 

Processing and inversion of the geophysical data acquired at the studied embankment dam provided 

images of its internal structure, which are displayed and discussed below.  

Results of the ERT measurements 

For the ERT survey conducted in Line 1, both Wenner and Schlumberger configurations give similar 

results (Figures 43 and 44). 

 
 Figure 43. Schlumberger inversion in Line 1. 

 
Figure 44. Wenner inversion in Line 1. 

Both images show the same characteristics: a very high-resistive layer (ρ > 2000 Ω·m) near the 

surface and several low resistivity features (ρ < 100 Ω·m) at deeper levels. It is noticeable how the 

positions of these low resistivity features coincide in the two configurations, i.e. in both cases they are 

centred around x = 60 m, 95-105 m, and 140 m along the profile, and with their highest point at y = 430-

435 m. The modelling showed that anomalies localized at 10 m below the surface by the ERT inversion 

correspond with great accuracy to actual bodies inserted at those depths; this gives great reliability to 

these results. 

Also, both images show a highly resistive feature at x = 70-75 m but, in this case, the Wenner 

configuration shows this structure occupying the whole depth of the dam, from the surface to the deepest 

point the ERT can resolve, while the Schlumberger indicates a much smaller high-resistivity body 

NE SW 

NE SW 
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surrounded by low resistivity media. In this regard, the modelling study indicates that the Schlumberger 

configuration gives more accurate characterizations at depth. 

The ERT results on Line 2 are presented in Figure 45. The reliability of this result may not be as 

good as for the inversions on Line 1 because, as stated before, the measuring conditions in Line 2 where 

far from ideal and probably caused the exceptionally highly resistivity values (ρ > 104 Ω·m) that can be 

seen near the surface. Therefore, these results were not included in the further analysis and interpretation. 

Figure 45. Wenner inversion on Line 2 (the colour scale has been changed in order to improve the visualization). 

Seismic refraction results 

Regarding the seismic analysis, Figure 46 shows the results of the inversion of the refracted arrivals 

using three different interpolation methods. 

NE SW 

NE SW 

NE SW 

(a) 

(b) 
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Figure 46. (a) Seismic inversion using Kriging interpolation method. (b) Seismic inversion using Natural 

Neighbour interpolation method. (c) Seismic inversion using Near Neighbour interpolation method. 

The results show a large low velocity zone (v < 1000 m/s) which goes from around x = 80 m to x = 

190 m along the line spread and from the surface down to 35-40 m depth, with the minimum velocity 

values of v ≈ 500 m/s at the central area from x = 90 - 150 m distance along the line and at around 5 m 

depth (y = 435 m elevation). Under this large area, at y ≈ 405 m, the velocity rapidly increases from 

approximately 1000 m/s to more than 3500 m/s within 10-15 meters distance. 

To the right of the low velocity zone, a similar feature is observed, i.e. rapidly increasing velocity 

representing a certain tilted “boundary” which goes from the deep horizontal layer at x ≈ 180 m almost 

to the surface at x ≈ 210 m. 

Left of the low velocity zone, there is an area with somewhat higher velocities of around 1400 m/s. 

Seismic reflection results 

The reflection seismic image shows a clear reflection between 35 m and 45 m depth and from x ≈ 30 m 

to x ≈ 190 m distance along the line (Figure 47). The deepest part can be found at 45 m depth between 

x ≈ 100 m and x ≈ 150 m and its parallel to the surface, whereas from x ≈ 20 m to x ≈ 60 m there is a 

tilted feature which goes up almost until y ≈ 415 m at the south-west side. 

 

Figure 47. Stacked and time-to-depth converted reflection seismic data.

NE SW 

(c) 

NE SW 
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7 Interpretation and discussion 

To make a comparison of the applied methods used, it should be first noted that the seismic methods are 

able to image greater depths than the geoelectric; ERT reached down to 40-45 m deep, while the seismic 

data show results down to almost 60 m depth. Furthermore, although the geoelectrical and seismic 

survey lines start at the same position, the offsets do not exactly match; the seismic survey had a 

spreading of almost 40 m longer at the north-east end of the line, so the seismic results give more 

information about that part of the dam’s interior. This can be observed in Figure 48. 

Figure 48. Comparison between the different methods and the area they characterize with respect to the dam (not 

perfectly scaled). 

That being said, the refraction seismic inversion display is considerably in agreement with the ERT 

analyses. It is true that there is not such an appreciable difference between the surface and the mid-depth 

velocity values compared with the big resistivity contrast seen in the ERT at shallow depths, although 

in the first few meters the velocity seems to be a bit higher than below. However, it is noticeable that 

NE SW 
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the general structures are very similar and it shouldn’t be forgotten that the dry ground conditions could 

have affected the resistivity measurements near the surface by increasing these values. 

Primarily, there is an evident correlation between low resistivity and low velocity areas (marked in 

red in Figure 49); there is an almost perfect match in both profiles regarding the anomalous feature in 

the upper middle part of the two images. The images of the right and left zones, which, as demonstrated 

in the ERT modelling, are prone to be less accurate, are still considerably similar in the two images. 

Figure 49. Comparison between Schlumberger ERT inversion and refraction seismic inversion in Line 1. 

Unfortunately, the ERT survey lines were not long enough to characterize the high velocity structure 

appearing at the mid-depth in the north-east part of the profile. 

Regarding the reflection seismic method, it can be observed how the reflector found on this profile 

matches with the boundaries between the low and high velocity areas in the refraction study (Figure 50). 

Figure 50. Comparison between reflection and refraction seismic results in Line 1. 

NE SW 

NE SW 
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This, together with the correlation between the deepest highly resistive feature in the ERT profile 

and the high-velocity layer in the refraction seismic (in grey in Figure 49), implies that the bedrock has 

been found and accurately represented by these methods. To reassure this assumption, the GPS position 

of the bedrock was measured in the field at a point where it could be seen at the base of the downstream 

side of the dam, giving as a result an elevation of 403 m, which coincides with what the seismic and 

geoelectric studies are suggesting. 

Considering the correlation between high conductivity and low velocity areas, it could be interpreted 

that these zones are composed of material that is loose and moist. According to the dam structural 

information provided by Vattenfall, in excavations along the downstream toe of the dam, it was found 

that the lower parts of the rock fill had a high content of fines, possibly wore down by precipitation, 

which would agree with this interpretation.
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8 Conclusions 

After the application of ERT and refraction and reflection seismic modelling studies for several 

hypothetic cases and a real field study at the studied dam, it can be concluded that the benefits of these 

methods are numerous. The capacity of studying the whole interior of the dam in a non-intrusive way 

has been ascertained; we have been able to characterize the structure of the dam body and its foundation 

attending to different properties of its material. Most importantly, the results of the different source 

studies were coherent with each other, giving remarkable confidence in the study. These three methods 

enabled us to detect multiple areas with distinctive characteristics and, due to the modelling analysis, 

we can acknowledge how reliable our estimation is for each case. 

The real case study, in which the bedrock was doubtlessly found with great accuracy, demonstrates 

that the geophysical methods represent a valuable tool for imaging the structure of the dam body. 

Furthermore, the modelling shows that the methods have considerable resolution, especially for shallow 

and contrasting bodies. It should be also noted that the contrast between the defect and the surrounding 

material plays a significant role in their successful imaging. Nevertheless, in order to resolve much 

smaller defects in the dam body, a high-frequency seismic source is required. 

8.1 Recommendations 

Unfortunately, although ERT and seismic methods provided helpful results allowing the detection of 

several anomalous structures, these must be interpreted very carefully, as there are various possible 

explanations for the results obtained. A complete study of the dam, performing surveys with different 

sources (seismic, electric, gravity, magnetic, etc.) in order to cross-check all results, as it was done with 

just two methods in this thesis, would permit a more reliable interpretation. 

Moreover, according to Johansson & Dahlin (1996), a resistivity survey in a dam is incomplete 

without the factor of time variation between seasons. Permanently installed electrodes (and other 

receivers) would help in this regard and also would make the measurements easier and more consistent, 

avoiding the problem of bad ground conditions which highly affect the measurements, as we 

experienced with the geoelectric survey in Line 2. These permanently installed receivers can be used as 

well for a more continuous monitoring of the dam structure, which would allow to image the changes 

of anomalous structures which could, at first, be neglected but eventually turn into critical instability 

elements inside the dam.
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