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Assessing preferential seepage and monitoring injection mortar through an earthen 

dam settled over a gypsiferous substrate using combined geophysical methods 

 
 

Highlights  
 
 

 The assessment of hazards related to earthen embankments settled over gypsiferous 
sediments susceptible to dissolution and consequently the formation of subsidence 
areas could play a negative role and lead to essential seepage. 

 The embankment materials where fine particles are being washed out by seepage thus 
increasing the hydraulic permeability  

 The changes in electrical resistivity and seismic velocity are partly related to the cement 
mortar injections and partly to the abnormal seepage. 

 The results from the use of complementary geophysical methods allow optimal 

corrective interventions, thus reducing the cost of remediation. 

 



ABSTRACT                                                                                                                         

For several decades the Sant Llorenç de Montgai reservoir has experienced different problems 

that could affect the safety of the engineering structure. For this reason, several corrective 

actions have been taken over the years. Here, we present a study involving complementary 

geophysical methods including electrical resistivity tomography, seismic refraction tomography 

and frequency-domain electromagnetic surveys.  

The analysis of the inverted electrical resistivity tomography cross-sections combined with the 

seismic refraction results and land subsidence monitoring data show the likely mechanism of 

abnormal seepage. The areas where mortar injections were applied as a corrective measure are 

also clearly delineated.  

In addition, the evolution of the state of the embankment has been established from two 

successive electrical resistivity tomography surveys in the last two decades. The results show 

areas where corrective mortar injections have been effective, while in other areas new abnormal 

seepage has been detected. 

The lithological heterogeneity of the bedrock, especially the dissolution of gypsum-rich rocks, 

induced subsidence effects and caused abnormal seepage in different areas along the 

embankment. Our results indicate how corrective solutions can be optimised to reduce the cost 

of corrective engineering interventions. 
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ABSTRACT                                                                                                                         4 

For several decades the Sant Llorenç de Montgai reservoir has experienced different problems 5 

that could affect the safety of the engineering structure. For this reason, several corrective 6 

actions have been taken over the years. Here, we present a study involving complementary 7 

geophysical methods including electrical resistivity tomography, seismic refraction tomography 8 

and frequency-domain electromagnetic surveys.  9 

The analysis of the inverted electrical resistivity tomography cross-sections combined with the 10 

seismic refraction results and land subsidence monitoring data show the likely mechanism of 11 

abnormal seepage. The areas where mortar injections were applied as a corrective measure are 12 

also clearly delineated.  13 

In addition, the evolution of the state of the embankment has been established from two 14 

successive electrical resistivity tomography surveys in the last two decades. The results show 15 

areas where corrective mortar injections have been effective, while in other areas new abnormal 16 

seepage has been detected. 17 

The lithological heterogeneity of the bedrock, especially the dissolution of gypsum-rich rocks, 18 

induced subsidence effects and caused abnormal seepage in different areas along the 19 

embankment. Our results indicate how corrective solutions can be optimised to reduce the cost 20 

of corrective engineering interventions. 21 

1. INTRODUCTION 22 

Earth embankments occasionally fail, in spite of safety measures and precautions taken to 23 

ensure their stability. There are three major causes of instability: 1) seepage and internal erosion 24 

within the embankment; 2) seepage and erosion of the foundation; and 3) overtopping (ICOLD, 25 

1995). With adequate surveillance, the first two causes can be detected and remedied before 26 

failure occurs. Seepage through earth embankments is a major safety concern and can have 27 

extreme socio-economic consequences. These two processes constitute the second cause of 28 

catastrophic failure of earthen dams: some 46% of all documented failures (Foster et al., 2000). 29 

Internal erosion occurs when water flows through pores, cracks and other continuous voids 30 

within embankments. As the permeability increases due to the erosion of fine elements, the 31 

hydraulics of seepage zones also change over time. This can lead to the formation of piping and 32 

the development of subsurface voids (Ikard et al., 2015). These voids can be caused by many 33 

different factors, including inadequate compaction during construction, different settlement 34 

processes, desiccation, earthquakes, burrowing animals and the decay of woody plant roots. In 35 

these circumstances, grouting the dam foundation is an effective technique for improving the 36 

subsurface and maintaining the integrity of dams and their levees. Grouting is a process by which 37 

open geological defects are sealed by injecting a cement fluid to reduce seepage and/or 38 

strengthen the foundation. The grouting material may be based on a suspension of cementitious 39 

solids in water, different colloidal or chemical solutions, or a combination of both materials 40 

(Attewell and Farmer, 2012; Lee, et al., 2005; Uromeihy and Barzegari, 2007).  41 

The early detection of weak zones is essential to prevent possible levee collapse and to establish 42 

the most appropriate solutions. If the leak proofing of a dam is not sufficient, remediation can 43 
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be carried out by traditional injection. The application of individual geophysical methods – 44 

electrical, electromagnetic or seismic – is usually considered suitable for studying and 45 

characterising dam seepage and subsidence (Benson et al., 2003; Cardarelli et al., 2014; Haile 46 

and Atsbaha, 2014; Gunn et al., 2015; Loperte et al., 2016). Nevertheless, a combination of 47 

different techniques has achieved more effective results (Pislaru-Danescu et al., 2013; 48 

Maslakowski et al., 2014). Abnormal seepage entails a significant variation in the 49 

moisture/water content inside the structure, which is associated with an increase in electrical 50 

conductivity (Ikard et al., 2014). Two-D high-resolution images of the electrical conductivity in 51 

the area studied can be produced using electrical resistivity tomography (ERT) and thus help 52 

diagnose leakage problems. Together with seismic refraction tomography (SRT), ERT is one of 53 

the leading techniques for assessing civil engineering structures and examining seepage 54 

(Johansson and Dahlin, 1996; Benson et al., 1997; Kim et al., 2007; Osazuwa, 2009).  55 

Our research was conducted on a problematic old earthen dam in Sant Llorenç de Montgai 56 

(Lerida, Spain). The bedrock consists mostly by Triassic clays and Eocene marls with some traces 57 

of gypsum, both of which are susceptible to dissolution. Consequently, there is seepage beneath 58 

the dam, as evidenced by the presence of subsidence zones that have formed in the bottom of 59 

the reservoir. This has resulted in efforts to reduce the seepage beneath the dam. Remediation 60 

measures have included the construction of grout curtains. Nevertheless, seepage continues to 61 

be a concern. The objective of our study was to monitor the penetration of mortar into the 62 

ground by defining its area and geometry, and identifying the key seepage areas along the 63 

embankment. The geophysical results were also correlated with land subsidence monitoring 64 

along the embankment. 65 

 2. MATERIALS AND METHODS 66 

2.1. STUDY AREA, MATERIALS AND STATE OF THE LEVEE 67 

The Sant Llorenç de Montgai dam (NE Spain) is located about 150 km west of the city of 68 

Barcelona. The dam was built in 1935 to regulate the downstream flow of the Segre River for 69 

the purposes of irrigation and power generation. The structure of the dam combines a 164 m 70 

long concrete barrage and an 860 m long earthen embankment. The whole structure rests on 71 

Quaternary alluvial sediments composed of gravel, sand and silt which in turn cover a substrate 72 

that is composed primarily of Mesozoic sediments (Triassic Keuper gypsum and red clays, and 73 

Jurassic/Cretaceous dolomites and limestones) and Eocene marls and limestones (Fig. 1a). 74 

According to the geological map, the bedrock under the water reservoir consists mostly of marls 75 

with some thin gypsum veins, both of which are exposed to dissolution by unsaturated fresh 76 

water (Fig. 1c). 77 

The embankment consists of a 10 m wall of alluvial material (mainly gravel and sand), covered 78 

by 3 m of soil. Before the embankment was erected, a trench was excavated in the Quaternary 79 

sediments down to the impervious layer of clays and marls. The space created was filled with 80 

bentonite clays to waterproof one side of the wall. In addition, a 36 m long concrete structure 81 

attached to the impermeable layer was built stretching out from the dam (Fig. 2.b). 82 

Since its construction, the embankment has often been affected by seepage that has required 83 

maintenance in order to reduce water loss and safeguard the stability of the structure. On the 84 

basis of technical reports, the main maintenance surveys are summarised in what follows.  85 

As soon as the reservoir was filled in 1930, some leaks appeared in the embankment and the 86 

agricultural field behind it was flooded. In order to improve water drainage downstream from 87 
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the river, a concrete collector was then build and a water flow meter installed. The embankment 88 

also presented some settlement and small landslides on both slopes, which were resolved by 89 

the injection of clay and cement mortar. In July 1939, 1800 tonnes of clay and 340 tonnes of 90 

cement mortar had been injected, resulting in a reduction of 25% of the total leakage, as 91 

measured at the end of the collector drain.  92 

The corrective actions continued to gradually reduce the flow from leaks; in March 1950, leakage 93 

in the area of the drainage ditch had been reduced by 80%. The reservoir was therefore not 94 

totally waterproof, but the amount of water filtering out was admissible. The dam and its 95 

surroundings were subject to regular inspections. In addition, the reservoir was periodically 96 

emptied in order to inspect the rafts of the floating automatic gates, examine the reservoir bed 97 

and fill any sinkholes detected (Figures 2a and 2c). 98 

During the 1980s, remediation work stopped, which resulted in some settlement in the dyke 99 

due to a loss of fine materials caused by leakage, and some significant sinkholes were detected 100 

in 1990. For this reason, four surveys (1990-1993) were conducted leading to a new plan to inject 101 

and waterproof the screen along the embankment. The aim was to repair settling surfaces, 102 

replace the eroded material and reinforce the impervious barrier. About 1200 tonnes of mortar 103 

and 672 m3 of sand were injected between hectometres 0.30-1.60, 2.00-4.30 and 6.00-8.60. In 104 

addition, a set of benchmarks for precise levelling was installed along the dyke. At the same 105 

time, to accompany the injections, a waterproof PVC screen was installed under the stone slope, 106 

in contact with the water reservoir between levels 284.50 and 287.00 m a.s.l. The result of the 107 

injections and waterproofing actions was positive; nevertheless, seepage continues to be a 108 

concern. 109 

2.2. GEOPHYSICAL METHODS 110 

Three complementary geophysical methods were applied to study the internal structure and 111 

subsurface beneath the embankment: electrical resistivity tomography (ERT), seismic refraction 112 

tomography (SRT) and frequency-domain electromagnetics (FDEM). All the profiles were 113 

referenced to the dam hectometre points, with the starting point located close to the concrete 114 

dam structure, from south to north (Fig. 2a). 115 

DC resistivity is an effective geophysical tool in dam seepage studies because it is sensitive to 116 

changes in lithology, water saturation and water chemistry (Binley and Kemna, 2005). ERT has 117 

been widely implemented in the earth sciences in recent years due to the quality of the data 118 

obtained and the fact that it can provide continuous 2D and 3D underground images (Panthulu 119 

et al., 2001; Cho and Yean, 2007; Sjödahl et al., 2010). The ERT surveys were performed along 120 

the eastern part of the dam using a SYSCAL Pro 48 resistivity meter. A Schlumberger reciprocal 121 

array was selected, because it is less sensitive to noise than the dipole–dipole array (Dahlin and 122 

Zhoo, 2004). In order to study the evolution of electrical resistivity values, we performed the 123 

survey in two campaigns: 2003 and 2012. In the two survey periods, the acquisition profiles were 124 

performed by concatenating the first 24 electrodes of all profiles until the entire levee line was 125 

surveyed. In this way, we can represent separate profiles or concatenated profiles. The 126 

concatenate option from RES2DINV (Loke and Barker, 1996) inversion software has been set to 127 

compile different segment together in one profile, but without giving up representing the results 128 

of each profiles separately. The spacing between adjacent electrodes was 2 m for the two 129 

campaigns. In 2012, we also acquired profiles with a distance of 5 m between adjacent 130 

electrodes using the same technique, these profiles made it possible to obtain lines that were 131 

235 m long and to reach 40 m depth . 132 
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All of the apparent resistivity pseudosections were inverted using RES2DINV software 133 

(Geotomo, 2007), which transform the apparent resistivity of samples to calculated resistivity 134 

values through an inversion process, based on a smoothness-constrained least-squares method 135 

(De Groot-Hedlin and Constable, 1990). Moreover, in order to eliminate all possible artefacts 136 

created in the “shadow areas”, only the upper part of the inverted sections was used in the 137 

concatenated profiles. All the profiles were referenced to the hectometre points of the dam, 138 

with the first profile starting at distance 0 (in the south) and the last profile finishing at distance 139 

770 m (in the north) (Fig. 2. a).  140 

SRT profiles were acquired along the right border of the earthen embankment, in accordance 141 

with the ERT profile lines. The purpose of the survey was to obtain a detailed seismic velocity 142 

distribution along the earthen embankment and from it infer the degree of inhomogeneity of 143 

the core clay and its distribution. The data from 10 profiles were collected using a 24-channel 144 

DAQ Link III seismograph with 4.5 Hz vertical geophones. The distance between the geophones 145 

was 3 m, and they were embedded in the ground for optimum physical contact. Each profile was 146 

a total of 75 m in length. Since for safety reasons it was not possible to use an energy source, 147 

we used sledgehammer impacts on a steel plate as the source of seismic waves for all the 148 

profiles. Nine shots were used for each line. The first and last shots were made at a distance of 149 

-3 and +3 m, respectively, from the first and the last geophones, while the other seven shots 150 

were evenly distributed along the line. The hammer shots were added four times in order to 151 

check the effects of noise and enhance the signal. Noise was monitored in real time alongside 152 

data collection to make sure that the noise level was significantly reduced each time a dataset 153 

was collected. Of the 10 profiles recorded, only seven were processed, since the first three 154 

where close to the dam turbines, which caused very strong vibrations and made it difficult to 155 

establish the first arrival times. Figure 3 shows two seismic refraction records: one recorded at 156 

the beginning of the dam (at the distance 0 m) and close to the hydroelectric plant (Fig.3a); the 157 

second at 200 m from the beginning of the dam (Fig.3b). 158 

Multiple vertical strikes per source position were used to create single high-quality records, 159 

which were then stored as SG2 files. The processing, velocity calculation and modelling of the 160 

seismic section were all performed with the Rayfract® software package. Once the first arrival 161 

time breaks for all refractors had been assigned, the travel time data were processed with the 162 

smooth inversion method (Rohdewald, 2010), using Rayfract® software version 3.18. Smooth 163 

inversion first automatically determines an initial 1D model directly from the picked travel times, 164 

using the DeltatV method (Gebrande and Miller, 1985; Gebrande, 1986; Gibson et al., 1979). 165 

This initial 1D model is then iteratively refined using 2D wavepath eikonal traveltime (WET) 166 

tomographic inversion. 167 

Frequency-domain EM were measured using a Geonics EM31 instrument. The system consists 168 

of transmitting and receiving coils spaced 3.66 m apart and operates at a frequency of 9.8 kHz. 169 

When operated at a low induction number, i.e. where the electromagnetic skin depth greatly 170 

exceeds the transmitter/receiver coil space, the instrument provides the apparent, or depth-171 

averaged, conductivity at each measurement position (McNeill, 1980; McNeill, 1990; Fitterman 172 

and Labson, 2005; and Pérez-Flores et al., 2011). In our case, two ground conductivity 173 

measurements were performed on each station.  The coils can be positioned either in a vertical 174 

(VD) or horizontal (HD) dipolar configuration. The horizontal coil configuration was used to 175 

estimate the conductivity of the first 3 meters. In this mode the sensitivity of the response to 176 

the subsurface conductivity is highest at the surface and decreases with depth. The vertical 177 

configuration estimates the first 6 meters. In this case, the sensitivity increases from zero at the 178 
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surface to a maximum at a depth of 1.3 m, and then decreases with depth. In all the 179 

measurements, the spacing between stations was 1 m.  180 

3. RESULTS 181 

For all the ERT profiles, the results of the inversion process showed a root mean square error 182 

lower than 7% after five iterations and an apparent resistivity contrast of less than 300 Ωm. 183 

According to the variation and distribution of the electrical resistivity values, all resistivity 184 

sections respond to a three layers model (Fig. 4):  185 

• An upper low-resistivity layer (ULRL) with electrical resistivity values less than 100 Ωm 186 

and a thickness of about 5 m. This layer shows some exceptions in many areas where 187 

the resistivity values are higher than the expected values (ERT-1: at 32 and 64 m, ERT-7: 188 

at  330 m; ERT- 9: at 380 m; ERT- 13: at 590 and 640 m; …).  189 

• An intermediate high resistivity layer (IHRL), with more than 400 Ωm. The thickness of 190 

this layer is not constant and generally reaches a depth of up to 15 m. As the upper level, 191 

the intermediate layer also shows some exceptions vis à vis the distribution of resistivity 192 

values, since areas with values much lower than the expected values were registered 193 

(ERT-9: at 365, 395 and 425 m; ERT-11: at  490 m; ERT-13: at 595 m; …).  194 

• A deeper low resistivity layer (DLRL) registered  in all sections between 13 and 15 m 195 

depth and with a resistivity values less than 70 Ωm.  196 

According to the dam construction reports, the upper and intermediate layers respectively 197 

correspond to electrical response of clay (low resistivity) and sand, gravel (high resistivity), 198 

whereas the bottom conductive layer is related to different bedrock present under the dam 199 

structure, and mostly consist of clay and marls, with some gypsum veins exposed to dissolution. 200 

The high values registered in the upper and intermediate layers which are not consistent with 201 

the normal values of geological materials have been interpreted as a result of the mortar 202 

injections carried out to reduce seepage through the embankment. While the abnormal low 203 

resistivity values lead us to assume that the materials are saturated due to infiltration from the 204 

reservoir. 205 

A comparison between the two geophysical surveys carried out in 2003 and 2012 shows similar 206 

inverted resistivity cross-sections (Fig. 5). However, there are some specific differences in the 207 

distribution of the resistivity values. These differences are observed in individual profiles and 208 

even more in the concatenated profiles. In effect, on one hand, we observe  a decrease in the 209 

abnormal seepage areas registered in the 2003 profiles at the distances of  75, 370 and 400 m 210 

from the beginning of the profile, which have subsequently been filled with mortar (resistivity 211 

values higher than 600 Ωm); and on the other hand, new areas with low resistivity values (less 212 

than 50 Ωm), observed in the 2012 profiles at the distances of 50, 450 and 550 m and which 213 

would indicate a deterioration of the embankment as a result of new abnormal seepages. 214 

The results for the long ERT profiles (235 m length with a distance between electrodes of 5 m) 215 

show a similar distribution of the electrical resistivity values than the short profiles (2 m between 216 

electrodes). The fact that the spacing between electrodes is greater, makes the depth 217 

investigation greater, since we reach 40 m (Fig. 6). However, we observed a diminution in the 218 

resolution of the profiles both vertically (we cannot distinguish exactly the position of the 219 

contact between the three levels) and horizontally (it is not possible to detect small areas of 220 

mortar injection or abnormal seepage). 221 



6 
 

The concatenated ERT profile (Fig. 6) show a lateral change of electrical resistivity, with a clear 222 

decrease of values at the distance 400 m and which we interpret as a seepage area. We observe 223 

also a slight change of resistivity values in the deep part of the profile, which indicates a change 224 

in the bedrock materials.   225 

The EM-31 profile shows the HD and VD conductivity patterns along the dam embankment. 226 

Conductivity values were represented in a binary plot which shows that EM signals along the 227 

embankment may be related to the presence of material with high or low electrical conductivity 228 

inside the levee. The apparent conductivity profiles of the two coil configurations show a similar 229 

trend, but with different values of conductivity. VD reflects values higher than HD (Fig. 7a). This 230 

is due to HD being more sensitive to lateral variations, while VD is more sensitive to variations 231 

in depth (McNeill, 1980). The figure 7 shows areas with clearly high electrical conductivity values 232 

at distances of 80, 390 and 740 m. We have interpreted these anomalies of high electrical 233 

conductivities (blue colour on the Fig. 7b) as a consequence of the seepage areas detected 234 

previously with the ERT. 235 

The seismic record data was processed and inverted. The 1D initial model still shows a good 236 
initial travel time fit between measured and picked times (Figure 8.a). In all the profiles, the data 237 
that were observed and calculated have a difference in RMS error of less than 5%. Seismic travel 238 
time tomography requires optimisation of both the distribution of seismic velocities and the 239 
paths along which the wave has travelled, or ray paths. Figure 8.b displays the distribution of ray 240 
paths corresponding to the optimum solution. The obvious use of this map is to establish the 241 
relative sampling of the subsurface. Results in areas with low ray coverage would have lower 242 
confidence than areas of high ray coverage (Hickeyet al., 2010). RayfractTM uses the ray coverage 243 
map to establish spatial bounds on the velocity tomogram. For this survey, the ray coverage is 244 
highest in the middle of the survey and lower near the surface and edges, which is typical for a 245 
material with a fairly uniform vertical velocity gradient. The inverted velocities from the 246 
refraction analysis showed multiple velocity intervals, from the surface to the base. This shows 247 
that there are several strata within the overburden, with variable thicknesses and velocities. In 248 
general, the velocity increases with depth, from about 300 m/s near the surface to more than 249 
2000 m/s (Fig. 9). The corresponding velocities indicate a three-layered structure. The upper 250 
layer with low velocity values of under 1000 m/s was recorded in all profiles. Although the 251 
average thickness of this layer is about 4 m (profiles 1 and 3), some stations recorded thicknesses 252 
greater than 5 m (the stations at the distances 290, 370 and 400 m), while other stations 253 
registered thicknesses of less than 2 m (at distances 230, 275, 330 and 455). The intermediate 254 
seismic layer has values between 1000 and 1800 m/s, and reaches an average depth of between 255 
12 and 14 m in all profiles except P4 and P6, where it goes deeper. Below these two seismic 256 
layers lie a layer with a significantly higher velocity (above 2000 m/s). This layer appears at a 257 
depth of less than 10 m in profile 7. 258 

The vertical changes in velocity with depth are related to lithological changes; therefore, the 259 
shallow low-velocity layer corresponds to clay, the intermediate layer to sand and gravel and 260 
finally, the deeper high-velocity layer corresponds to marl. The lateral changes in seismic velocity 261 
are interpreted as changes in density of the same lithology when the velocity is lower, and as a 262 
consequence of mortar injections when the velocity is higher. 263 

4. DISCUSSION 264 

Based on the information from the dam construction reports, the layer between the surface and 265 

-15 m in depth are related to the upper part of the levee, which is mainly formed by gravel and 266 

sand. This depth is related primarily to the first two upper layers in the ERT and SRT profiles. As 267 

mentioned, inverted resistivity values vary along the levee, and are particularly changeable in 268 
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the intermediate layer (Fig. 4). If it is assumed that the variations in resistivity values are usually 269 

caused by lithological differences or by changes in the properties of the medium itself (Chinh, 270 

2000; Sudha et al., 2009; Casado et al., 2015), and that the levee materials would respond 271 

equally to the different geophysical methods along the levee, then the changes in the upper 272 

layers will be related to alterations in the physical properties of the levee materials. In this 273 

particular study, modifications in the degree of humidity of the levee materials (sand and gravel) 274 

and the presence or absence of mortar injections produced changes in the resistivity values.  275 

In terms of the electrical methods, abnormal seepage entails a significant variation in the 276 

moisture/water content inside the structure, which is associated with an increase in electrical 277 

conductivity (Loperte, 2015). Nevertheless, the presence of mortar injections leads to natural 278 

pore spaces becoming clogged with the mortar, thus reducing saturation and increasing 279 

electrical resistivity (Farooq et al., 2013). Seokhoon (2012) proposes that the variation in 280 

resistivity due to damage to core materials after treating a damaged section by grouting 281 

produces an increment in resistivity values. Accordingly, the relatively high electrical resistivity 282 

values (Fig. 4) in the intermediate layer (>300 Ωm) may correspond to dry sand and gravel that 283 

did not undergo much alteration from the mortar injections and were not affected by abnormal 284 

seepage . Where gravel and sand have been affected by abnormal seepage, resistivity values in 285 

the intermediate level drastically drop to below 100 Ωm and could be defined and characterised. 286 

However, in those areas where resistive response presents the highest values (>800 Ωm), these 287 

are related to the locations where mortar injections persist over time without alteration. To 288 

confirm these observations, we have checked the records of the injections takes out in the 289 

embankment between 1991 and 2009 as corrective measures of the infiltrations during the 290 

remediation works (Fig. 10). The high electrical resistivity values registered between the 291 

distances 0 and 320 m coincide with the position of the last mortar injections (2009). On the 292 

other hand, the low electrical resistivity anomaly registered in 2012 in the intermediate level at 293 

the distances 50, 440, 550 m could indicate a deterioration of the embankment and possible 294 

new abnormal seepage under this area.  295 

The long ERT profiles (5 m between electrodes) provided interesting information about the state 296 

of the bedrock under the dam due to the greater depth of investigation and the possibility to 297 

correlate them with the available geological information. As can be seen in the geological section 298 

of figure 1, the center of the dam coincides with the passage of a thrust fault, which separates 299 

the Tx unity (Triassic Clays and Gypsum) and the Om unity (Gypsiferous Marls). This geological 300 

discontinuity coincides with the electrical discontinuity registered in the ERT profile at 400 m 301 

from de beginning of the dam (Figure 6). The lithological characteristics of these formations 302 

(gypsum and shale) and previous records concerning the dissolution of this unit on the reservoir 303 

bed (Canals et al., 1994), may indicate the presence of deep filtration routes under the 304 

embankment. The presence of several sinkholes found when the dam has been emptied for 305 

maintenance work confirms this hypothesis. In effect, a significant instability was induced by the 306 

dissolution of the basement material. The Fig. 10 shows the areas where the subsidence was 307 

most pronounced along the embankment. This area was also located between the beginning 308 

and 400 m away. 309 

With regard to the seismic behaviour of the embankment materials, the main differences in 310 

wave velocities are generated by the grade of material consolidation beneath the surface. 311 

Unconsolidated materials such as clay, gravel and sand record the lowest range of wave 312 

velocities, while consolidated materials such as rock formations cause the highest velocities (Han 313 

et al., 1986, Goldberg and Gurevich, 1998). In the shallow environment, a common type of 314 
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lateral inhomogeneity is the narrow low-velocity zone in unweathered rock. According to Palmer 315 

(1991), such zones have been attributed to shearing and the weathering of dikes. They are 316 

usually associated with an increase in the thickness of the weathered layer. The definition of 317 

these features is important in geotechnical studies because they represent areas of weak rock 318 

and usually high porosity and permeability (Palmer, 1991). Therefore, the increase in velocity 319 

with depth can be explained by the levee material disposition. Low velocities could be associated 320 

with the unconsolidated nature of the clay construction materials. These weaker formations are 321 

permeable zones within the subsurface of the embankment through which water seepage takes 322 

place. These results agree with the results obtained by Osazuwa and Chinedu (2008) who show 323 

that a low-velocity zone can be attributed to unconsolidated and loose material within the 324 

overburden, where most highly permeable seepage channels occur. Moderate-velocity zones 325 

close to the surface might represent the gravel and sand that form the levee; while the deepest 326 

high-velocity layer might correspond to the bedrock. In fact, the velocity of the deepest layer 327 

(over 1975 m/s) is consistent with the results of Pavlovic and Velickovic (1998), who 328 

demonstrated that the velocity of clay-based materials varies from 1200 to 2500 m/s. However, 329 

some seismic sections (profiles 2, 4, 6 and 7; Fig. 9) showed relatively high-velocity zones (around 330 

1600 m/s) near the surface. These areas might correlate with the mortar injections which reduce 331 

the porosity of unconsolidated materials and therefore increase their compaction and P wave 332 

velocities (Busato et al., 2016). In areas where the velocities were lower than expected, even at 333 

significant depths (8 m in the case of profiles 5 and 6), these were attributed to preferential 334 

water circulation areas with internal erosion, which therefore created seepage areas. This result 335 

is consistent with the results of Akin (2016), who carried out some experiments on material used 336 

for jet grouting and demonstrated the presence of very strong negative linear relationships 337 

between Vp and porosity. 338 

The comparison between the results obtained by the different geophysical methods shows that 339 

the areas where the electrical resistivity values (ERT) are lower than the expected values 340 

coincide with the areas of high electrical conductivity (EM31) and accord with areas of low 341 

seismic velocities. These zones are located at the distances 80, 400 m and coincide with seepage 342 

areas. Whereas , the areas with high electrical resistivity (ERT) coincides with low electrical 343 

conductivities (EM31) and with high seismic velocities. These anomalies are a consequence of 344 

areas of mortar injections (225,300, 640 m) 345 

5. CONCLUSIONS 346 

On the basis of the geophysical analysis carried out on the Sant Llorenç de Montgai dam 347 

embankment, we conclude that combined ERT, SRT and FDEM represent a valid and fast method 348 

to study seepage areas and to define the expansion of mortar injected along the embankment.  349 

By virtue of ERT, several areas have been identified in the embankment as anomalous resistivity 350 

zones with respect to the expected resistivity values. The low values (less than 50 Ωm) have 351 

been related to seepage zones caused by the dissolution of bedrock gypsum materials, and or 352 

as a result of the internal erosion which appears within the embankment materials where fine 353 

particles are washed-out and subsequently saturated. In contrast, areas of high resistivity are 354 

associated with corrective mortar injections.   355 

Seepage through the dam can be qualitatively evaluated by comparing different areas of the 356 

dam at different times. The electrical resistivity results obtained in 2012 showed significant 357 

changes with respect to previous surveys. The changes are due partly to the cement mortar 358 
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injections, which are reflected in increased resistivity values, and partly to the new filtration 359 

zones that appear as areas of low resistivity. 360 

The continuous acquisition of data using ERT over the course of many years can be considered 361 

a useful technique for assessing and planning new remediation interventions in areas with 362 

possible infiltration problems. 363 

The seismic data reflect increasing velocity with depth as a consequence of increased material 364 

compaction. High seismic velocity anomalies were related to mortar injection areas, while low 365 

seismic velocities were related to porous areas.  366 

The seismic data indicate a change of materials, both laterally and with depth. The increment of 367 

P waves velocity with depth is attributed to the passage from clays to sand and gravels and finally 368 

to the gypsum bedrock, while the lateral variation is related to mortar injection when the P 369 

waves velocity is high and to seepage areas when the velocity is low than the expected values.  370 

We observed a limitation of the FDEM method (EM31) compared to ERT or SRT, especially the 371 

resolution of the method. 372 

Finally, we feel strongly that the methodology has yielded information that can greatly help to 373 

characterise preferential seepage flow paths through the Sant Llorenç de Montgai dam, so 374 

corrective interventions can be optimised, thus reducing the cost of remedial engineering works.  375 

 376 

Finally, we feel strongly that the methodology has yielded information that can greatly help to 377 

characterise preferential seepage flow paths, so corrective interventions can be optimised, and 378 

therefore reduce the cost of remedial engineering works. 379 

 380 
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FIGURE CAPTIONS 498 

Figure 1. a) Geological map of the study area (a modified version of www.igcc.cat) showing the 499 

different rock formations around the water reservoir. b) Digital elevation model of the study 500 

area. c) Geological cross-section parallel to the embankment.  501 

 502 

Figure 2.a Sant Llorenç reservoir with the position of geophysical surveys on the embankment 503 

and the location of the land subsidence. 2.b Cross-section in the earth dam body. 2.c Example 504 

of sinkholes detected in the reservoir bed when it was emptied for maintenance in 1988.  505 

 506 

Figure 3. Examples of refraction seismic shots recorded during the surveys.  a) close to the 507 

concrete dam where the noise was high due to the hydroelectric plant (at the beginning of the 508 

dam),  b) far from the hydroelectric plant (at 200 m from the beginning dam). The differences of 509 

noise in the signal are evident. 510 

Figure 4. Inverted pseudo-sections of 8 ERT profiles with 2 m spacing between electrodes carried 511 

out in 2012 over the earthen embankment. ULRL: Upper Low Resistivity Layer, IHRL: 512 

Intermediate High Resistivity Layer and DLRL: Deeper Low Resistivity Layer. 513 

Figure 5. Inverted pseudo-section of the concatenated ERT profile with 2 m spacing between 514 

electrodes along the earthen embankment carried out in 2003 and repeated in 2012. 515 

Figure 6. Inverted model of the concatenated ERT profiles for the entire earthen embankment 516 

carried out in 2012 with 5 m spacing between electrodes. 517 

Figure 7. Apparent EM conductivity measured along the earthen embankment with the 518 

Horizontal dipole (HD) and Vertical Dipole (VD). 519 

Figure 8. a) Example of computed and observed traveltimes of the P. b) Wavepath coverage plot 520 
of line 3 after 10 WET (wavepath eikonal traveltime) wavepath coverage. The colour scale 521 
indicates the number of wavepaths through each velocity cell. 522 

Figure 9. Inverted seismic refraction tomography pseudo-sections start off the distance 200 m 523 
of the levee because before this distance the noise produced by the hydropower plant was high. 524 

Figure 10. Areas of concrete injections along the levee and the relative movement of the levee 525 

for different years. 526 


























