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ABSTRACT
Methods for monitoring seepage are important for the safety of embankment dams. Increased seepage 
may be associated with internal erosion in the dam and internal erosion is one of the main reasons for 
dam failures. Internal erosion progresses inside the dam and is difficult to detect by conventional 
methods. Therefore there is a need for new or improved methods. The resistivity method is a non-
destructive method that may accomplish this task. It has been tried in an on-going research programme 
in Sweden. Daily resistivity measurements are carried out on permanent installations on two Swedish 
embankment dams. In this paper the installations on the Sädva embankment dam are described and 
selected parts of the results are presented. In addition, a method for evaluating the seepage from resis-
tivity monitoring data is theoretically described and tested for four selected areas in the foundation of 
the Sädva dam. Seasonal resistivity variations are apparent in the reservoir as well as inside the dam. 
Most parts of the dam have a homogeneous resistivity distribution with consistent variations. The 
overall status of the dam is satisfactory. However part of the foundation demonstrates a slightly differ-
ent behaviour pattern with regard to the seasonal variation. The four selected areas represent localities 
with low, intermediate and high variations in seasonal resistivity. The areas are compared qualitatively 
and thereby permeable zones within the dam may be identified. Quantitative assessment of the seepage 
flow is also carried out as an initial test of the described method. It is concluded that the experiences 
from the Sädva dam are valuable with regard to the use of the resistivity method on embankment dams. 
Resistivity monitoring data may be used to qualitatively assess the seepage through the dam. For 
quantitative assessment, the method is promising and the data from the Sädva dam constitute an inter-
esting initial approach. However, many assumptions and simplifications are made and more work on 
refining the method is needed.

 Internal erosion in the embankment or in the foundation of the 
dam may reach an advanced stage before any sign is visible on 
the outside of the dam. The first indication may be higher seep-
age rates, a visually observable concentrated leak at the down-
stream toe or high turbidity in the seepage water. According to an 
inventory among Swedish dam owners, the most common 
method of detecting internal erosion processes in Swedish 
embankment dams has been through identification of sinkholes 
by visual inspection (Norstedt and Nilsson 1997). This inventory 
revealed that 27 Swedish dams had reported sinkholes ranging 
from 0.5 m in diameter to 15–30 m3 in volume. In a subsequent 
study poor filter design was established as a reason for sinkholes 
in the majority of those dams (Nilsson et al. 1999). None of these 
incidents resulted in a dam failure. Recent research demonstrates 
that embankment dam failure caused by internal erosion may 
occur quite abruptly and the time between an early warning from 
a concentrated leak at the downstream toe to a full dam failure at 
the crest may be just a few hours (Foster et al. 2000b; Fell et al. 

INTRODUCTION
There are approximately 25 000 registered large embankment dams, 
with a height exceeding 15 m, in the world. An ageing population of 
dams raises various questions regarding dam safety issues. In 
Sweden the average large dam was built in the late 1950s and the 
situation is similar in many other countries (ICOLD 2003). 
 For embankment dams the main safety concern is seepage. 
Methods for monitoring the seepage and for detecting internal 
erosion give essential information for the safety evaluation of 
earth embankment dams. Together with overtopping, internal 
erosion through the dam or the foundation is the most frequent 
reason for embankment dam failures (ICOLD 1995; Foster et al. 
2000a). While overtopping scenarios might be difficult to pre-
dict, they are easier to perceive and monitor. An efficient moni-
toring system for internal erosion, on the other hand, is a far 
more complicated task. 
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dams this zone is commonly constructed out of glacial till. 
Increasing seepage flows is a dam safety concern as it may be 
associated with internal erosion. 
 All dams in their natural state experience some degree of 
seepage flow entering from the reservoir. The properties of the 
reservoir water will thus affect the inner part of the dam. 
Temperature and ion content are two characteristics of the seep-
age water that vary seasonally in the reservoir. The latter is com-
monly expressed as total dissolved solids. The seasonal varia-
tions in temperature and total dissolved solids in the reservoir 
water propagate with the seepage water and cause a time depend-
ant resistivity variation inside the dam. These variations may 
therefore be a useful surrogate for tracking internal seepage 
water. As the resistivity of the soil is affected by temperature and 
ion content (measured as total dissolved solids), the signature of 
the seepage water may be observed in the inner part of the dam 
by repeated resistivity measurements. 
 The resistivity of the water has been shown empirically to 
depend on temperature according to equation (1), where ρT is the 
resistivity at temperature T and the temperature coefficient of 
resistivity α = 0.025° C-1 (Keller and Frischknecht 1966). 
Resistivity variation in the reservoir water that is not caused by 
temperature variations is assumed to originate from variations in 
total dissolved solids. 

 (1)

To fully describe the seepage-induced resistivity variation in the 
dam we have to consider a set of coupled transport processes for 
heat and solute. Heat conduction, mainly through the unsaturated 
parts of a dam, may also be important for low seepage flow rates 
and small dams. Water level variations and thermal stratification 
in the reservoir should also be considered. Geothermal flow may 
be important for large dams. 
 The seasonal variation of the resistivity in the reservoir water 
is separated into two parts when the seepage water passes 
through the dam. The solutes penetrate into the dam with the 
pore velocity v

n
, while the temperature travels with the thermal 

velocity v
T
 (Fig. 1). The resistivity variation in the dam is there-

fore a combined result of these two transport processes, which 
are further described in this paper. Two models for the two sepa-
rate transport processes are presented and compared. The first 
method analyses the time lag between the resistivity variation in 
the reservoir and inside the dam. It is a simplified one-dimen-

2003). Seepage monitoring systems with higher accuracy and 
improved spatial resolution are therefore of great value, since 
they may extend the critical time between an early warning and 
a potential dam failure.
 The resistivity method is well established for a broad variety 
of purposes in engineering and environmental ground investiga-
tions. Long-term resistivity monitoring is an unconventional 
method for dam monitoring that may have the potential to detect 
anomalous seepage through embankment dams. The method is 
non-intrusive, which is a major advantage for use on existing 
dams. Leakage detection and structural status control of existing 
dams using the resistivity method have been tried on many occa-
sions (e.g., Butler and Llopis 1990; Titov et al. 2000; Van Tuyen 
et al. 2000; Buselli and Lu 2001; Panthulu et al. 2001; Sjödahl 
et al. 2005; Song et al. 2005). A powerful approach is to carry 
out repeated measurements (Johansson and Dahlin 1996) or 
long-term monitoring (Johansson et al. 2005; Sjödahl et al. 
2008). This approach of evaluating resistivity monitoring data is 
based on its time variation, which requires a fairly long investi-
gation period to establish what is the normal resistivity variation, 
i.e., the seasonal variation due to temperature changes and reser-
voir level changes among other factors. Deviations from the 
established normal background are taken to indicate anomalous 
conditions in the dam.
 In this paper an approximate method of estimating seepage 
from such long-term monitoring resistivity data is presented. The 
method is described in the next section. It is based on a number 
of simplified evaluation concepts (Johansson 1997) and was 
originally tested on occasional repeated measurements from 
another Swedish dam (Johansson and Dahlin 1996). The excel-
lent data quality from the resistivity monitoring of the Sädva dam 
now allows for a more thorough evaluation on a dam with con-
tinuous long-term monitoring data. Identified inhomogeneities in 
the resistivity distribution along the Sädva dam are used as an 
example. Sädva was the second embankment dam to get a per-
manently installed resistivity monitoring system in an on-going 
Swedish research programme.

SEEPAGE INDUCED RESISTIVITY CHANGES 
Embankment dams are constructed from earth and rock. These 
materials are permeable to a certain degree and therefore a steady 
seepage flow is the normal state of an embankment dam. The 
amount of seepage flow is restricted and mainly governed by the 
low permeability zone of the dam. In Swedish embankment 

FIGURE 1

Cross-section of an embankment 

dam showing the important trans-

port processes that affect the 

resistivity variation.
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C
0
 = volumetric heat capacity of the soil (J/m3K)

C
w
 = volumetric heat capacity of the water (J/m3K)

Q
i
disp =  energy flux due to mechanical and thermal dispersion 

(J/m2s) 
q

i
 = leakage flow (Darcy flow) (m/s or m3/s per m2)

T = temperature (º C)
t = time (s)
x

i
 = coordinate (m)

λ0 =  thermal conductivity of the soil (including solids, 
water and air) (W/mK)

The advective part of the energy flux is caused by the seepage 
water flow. From the second term on the right-hand side of equa-
tion (2), a thermal velocity v

T
 can, for the one-dimensional case, 

be written as in equation (3) (Claesson et al. 1985).

 (3)

The thermal velocity describes the velocity of a thermal front 
through the dam. This velocity is similar but not identical with 
the velocity of the leakage water in the pore structure vn, which 
depends on the porosity n (vn = q/n). 
 Tracers can often be assumed to be conservative, travelling 
with the pore water velocity. The temperature also acts as a 
tracer but is travelling with the thermal velocity instead of the 
pore velocity. The temperature cannot be treated as a conserva-
tive tracer, as it also depends on heat conduction. 
 To solve equation (2) the flow qi must also be calculated. This is 
done by using the mass conservation equation and the general form 
of Darcy’s law, which gives the equation of motion for the leakage 
water flow in steady state conditions (equation (4)) (Bear 1979). 

 (4)

kij = permeability (m2)
p = pressure (N/m2)
ρf = fluid density (kg/m3)
g

j
 = gravity (m/s2)

 This equation, with initial and boundary conditions, describes 
the seepage water flow induced by differences in pressure and by 
differences in density of the water. It should be observed that both 
the density and viscosity of the water are dependent on the tem-
perature. A general solution of heat and water flow in a dam is 
based on equation (2) and equation (4) in combination with initial 
conditions and boundary conditions. The equations are coupled 
since equation (4) depends on the temperature field while the sec-
ond and third terms in equation (2) depend on the flow field. 

Lag-time method using the thermal velocity
The lag-time method can be applied in this case if the heat con-
duction perpendicular to the flow direction is ignored, i.e., a 

sional method. The velocity is obtained directly from the lag-
time and the length of the seepage path. The second method 
assumes a concentrated seepage flow in a zone where the seep-
age flow is much higher than in the surrounding parts. These 
methods are described below. Both methods can be applied for 
separate analysis of temperature as well as total dissolved solids 
variation. 

Temperature variations in embankment dams
The temperature in an embankment dam depends mainly on the 
temperature in the air and in the upstream reservoir. These tem-
peratures vary seasonally and create temperature waves that 
propagate through the dam. At low seepage flow the seasonal 
temperature variation will be small. The influence from the air 
temperature at the surface decreases exponentially with depth 
and both theoretical calculations and field measurements indi-
cate that the influence will be less than 1–2˚ C at 10 m depth and 
less than 0.1˚ C at 20 m depth for Swedish conditions (Johansson 
1997). For the areas investigated in this paper, which are situated 
at 20 m depth, the influence from the air is therefore considered 
negligible. Any larger variation below this depth is caused by the 
seepage flow.
 If substantial quantities of water seep through the dam, then 
the water temperature from the reservoir will influence the tem-
perature inside the dam. At high seepage flow rates, the tempera-
ture variation of the water in the upstream reservoir completely 
determines the temperature inside the dam. The seasonal tem-
perature variation in the dam is thus in practice directly propor-
tional to the seepage flow rate. 
 The thermohydraulic behaviour of an embankment dam is 
complex. It includes such basic thermal processes as heat con-
duction (from the dam crest and from the foundation due to 
geothermal flow), advection and radiation. The first two proc-
esses are partly coupled to each other because viscosity and 
density are temperature dependent. This behaviour is further 
complicated by the variation in material properties in the dam 
and the different conditions in the saturated and unsaturated parts 
of the dam. In order to analyse the problem certain assumptions 
have to be made. 
 The influence of radiation consists of inflow from the sun or 
outflow to the atmosphere. This influence is restricted to the 
superficial part of the dam because of the short duration of the 
heat pulse, which is mainly controlled by the diurnal cycle. In the 
following analyses it is therefore assumed that the temperature 
inside the dam is independent of radiation. The geothermal flow 
is also ignored.
 The energy flux consists of heat conduction in the solid phase 
and in the water, heat advection with the average seepage water 
flow and dispersion due to variability in the seepage water flow 
velocities. The energy balance equation can then in the general 
form be written as in equation (2).

 (2)
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the dam as described by the well-known one-dimensional trans-
port equation (equation (7)) given by Bear (1979). 

 (7)

Dh is the coefficient of hydrodynamic dispersion and C is the 
concentration of the tracer. For the application of evaluating the 
time lag between the extreme values in the reservoir and inside 
the embankment dam, the dispersion term can be ignored. The 
velocity of the tracer will follow the pore velocity vn, which 
depends on porosity n. Under such conditions, the temperature 
impact on the resistivity can be ignored and the seepage flow will 
be a function of only the porosity and the measured time lag, td 
(equation (8)).

 (8)

The seepage flow calculated in equation (8) is called qTDS as it is 
related to the lag-time of the pore velocity, i.e., the velocity with 
which the total dissolved solids (TDS) in the water is assumed to 
travel. 
 The two estimated values of the seepage flow (qTDS and qT) 
can be interpreted as limits for the real seepage flow q since it 
can be proved that the pore velocity is larger than the thermal 
velocity for typical values of the thermal properties in the soil 
(equation (9)).

 (9)

If typical values of n, C0 and Cw are inserted in equation (9), 
limits are specified for practical applications (equation (10)).

 (10)

These limits do not include the entire range of uncertainty val-
ues. In many cases it is difficult to estimate the length of the real 
seepage path as well as the lag-time. Dispersion will not influ-
ence the lag-time but it strongly affects the temporal variations 
of the resistivity and complicates the evaluation of the lag-time. 
However, in the absence of more accurate methods, such limits 
may sometimes be good enough to estimate the seepage flow in 
dams. The relation between these velocities can be expressed 
(equation (11)). Typical values for soils used in embankment 
dams indicate that tracers, such as total dissolved solids, will 
pass approximately twice as fast as the thermal front.

 (11)

SÄDVA EMBANKMENT DAM 
The Sädva dam is located in the upper part of the Skellefteälven 
River just south of the Arctic Circle. It has a reservoir storage 

one-dimensional approximation. The lag-time td is the time 
between the temperature pulse at the boundary x = 0 and the 
measured temperature variation at a point x. The velocity of the 
temperature wave is the thermal velocity. The thermal velocity is 
then obtained directly from the lag-time and the length of the 
seepage path, which is assumed to be equal to the distance 
between the boundary and measuring point x: 

 (5)

The assumption of no heat conduction perpendicular to the flow 
direction is valid for large seepage flows or for large seepage 
zone thicknesses, where the vertical heat exchange is negligible, 
particularly in the central part of the zone. Combining equations 
(3) and (5) gives an expression for the relation between the seep-
age flow and the lag-time (equation (6)).

 (6)

The seepage flow calculated in equation (6) is called qT as it is 
related to the lag-time of the thermal velocity. It can now be 
calculated for known values of the volumetric heat capacity, 
which is assumed to be constant along the seepage path. Typical 
values for the volumetric heat capacity can be found in Sundberg 
et al. (1985).
 The assumptions concerning heat transport are not valid for 
small leakage zones where the heat losses around the leakage zone 
can be large. The approximations are more valid for larger zones, 
with cross-sections of some 10 m2 or more (Johansson 1997). 

Concentrated seepage assuming temperature variation
An analytical model for the two-dimensional temperature field at 
a concentrated seepage flow was described by Johansson (1997). 
The most important assumptions in the model are:
•	 a	sinusoidal	temperature	variation	at	the	upstream	boundary.
•	 seepage	is	limited	to	a	zone	of	constant	height.
•	 	one-dimensional	advection	and	vertical	heat	conduction	in	the	

central layer.
•	 only	vertical	heat	conduction	in	the	upper	and	lower	layer.
•	 constant	thermal	properties	in	the	layers.
These assumptions have generally been found to be valid for 
applications in embankment dams (Johansson 1997). The model 
is now incorporated in commercial software, which has been 
used for the calculations below (Johansson and Hellström 2001). 
The software presents the two-dimensional temperature field 
with input of seepage flow, thermal properties and geometrical 
data. Subsequently, the calculated temperature field is trans-
formed to resistivity using equation (1), assuming constant total 
dissolved solids in the reservoir. 

Lag-time method using the pore velocity
The variation of total dissolved solids in the water is assumed to 
act as a conservative tracer following the seepage flow through 
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winter to its lowest levels and is filled up again during early sum-
mer by the vast snowmelt. The main dam is founded on bedrock, 
while the dyke is founded on moraine except where it connects 
to the main dam. 
 In accordance with new Swedish guidelines for floods it was 
decided to increase the height of the core by 0.7 m and to con-
struct an additional spillway. This was done in 1999. Since the 
crest was excavated down to the core during this work, a unique 
possibility arose to install monitoring equipment and it was 
decided to use the dam as a research dam for dam monitoring. 
 A correct electrode type and a proper installation are funda-
mental for all electric measurements. Based on the experience 
from the Hällby dam (Johansson and Dahlin 1998; Johansson et 
al. 2005) it was decided to use stainless steel electrodes for the 
resistivity measurements. It was also decided to install non-
polarizable electrodes for self-potential (SP) measurements on 
the main dam. The electrodes were installed on the original core 
crest, about 3.1 m below the dam crest (Fig. 5). An insulation 
layer was placed on the top of the core to prevent it from freez-
ing. The resistivity electrodes consist of 0.25 m × 0.25 m stain-
less steel plates. The electrodes are connected to polyurethane 
covered stainless steel wires, which are joined to cable splits 
(pig-tail splits) on a polyurethane covered multi-core cable. The 
non-polarizable copper-copper sulphate electrodes are joined to 

volume of 625 million m3. The dam and power plant was put into 
operation in 1985. The total length of the dam is 620 m, which is 
divided into a 210 m long main dam across the old river channel 
and a 410 m long dyke along the old river channel (Fig. 2). The 
maximum height of the main dam is 32 m but considerably lower 
for the dyke averaging around 10 m. Both dams are zoned rock-
fill embankment dams with a central core of fine-grained glacial 
till (Fig. 3). Annual water level variations are around 16 m 
(+460.7 to +477.0 m.a.s.l.), which is half the height of the main 
dam. The high variations constitute a complication in the evalu-
ation of the measurements but at least the seasonal pattern is 
roughly the same from one year to another (Fig. 4). The reservoir 
reaches its highest level in autumn and is lowered during the 

FIGURE 2

Plan of Sädva dam. The 210 m long main dam is crossing the river chan-

nel and the 410 m long dyke extends along one side of the river channel. 

Sec refers to dam section in metres.

FIGURE 3

Principal cross-section of the main dam (top) and the dyke (bottom). A 

rockfill dam with filter zones surrounding the central core of glacial till. 

Rip-rap on the upstream face (left side) protects the dam from surface 

erosion.

FIGURE 4

Reservoir levels at Sädva dam. The retention levels are at 460.7 and 

477.0 m.a.s.l. The reservoir is emptied during winter and rapidly filled 

during the snowmelt period in early summer.

FIGURE 5

Installation of electrodes and cables along the dam crest. The electrodes 

were installed into the top part of the dam core 3.1 m below the dam crest.
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resistivity) at 25º C and have been transformed to resistivity at 
18º C using the same relationship. The different measurements 
correlate well considering that they are carried out using differ-
ent equipment and are measured at locations 100 km apart in the 
river (Fig. 6). It is clear that even after normalizing for tempera-
ture dependence there is a seasonal variation in the resistivity of 
the reservoir. This variation consists of a rapid increase in resis-
tivity in spring or early summer coinciding with the snowmelt 
period.
 Plotted time-series of apparent resistivities are valuable for 
data quality analysis and to assess the performance of time-based 
data filtering. Data from some specific configurations, represent-
ing single points in the pseudosections, have thus been examined 
for the full monitoring period (Fig. 7). The straight lines in Fig. 7 
represent filtered data. The processing routines for embankment 

a multi-core cable in the same way as the steel plate electrodes. 
These electrodes were delivered pre-packaged in a cloth bag 
filled with a bentonite mix designed to give good coupling to the 
surrounding soil.
 In total, 128 electrodes were installed. An electrode spacing 
of 6 m for the steel plate electrodes was chosen for the entire 
dam. The non-polarizable electrodes were installed only on the 
main dam, with a spacing of 6 m but shifted 3 m relative to the 
steel plate electrodes, giving 3 m electrode spacing on the main 
dam. Special measurement protocols were designed to avoid 
using the non-polarizable electrode as current electrodes. A data 
acquisition system for automatic measurements of resistivity and 
SP data was installed in 2001. It was designed to make daily 
measurements using the electrodes installed on the crests of the 
main dam and the dyke, as well as temperature and resistivity 
measurements in the reservoir water via two probes. The Sädva 
dam and its installations are thoroughly described in earlier 
reports (Dahlin et al. 2001; Johansson et al. 2005).

RESISTIVITY MEASUREMENTS
Data acquisition was carried out using a modified version of the 
ABEM Lund Imaging System, which is a multi-electrode data 
acquisition system for resistivity surveying (Dahlin 1993, 1996). 
Daily measurements of resistivity and SP are automatically car-
ried out at the electrodes along the crests of the main dam and the 
dyke but only resistivity data are presented here. The data acqui-
sition process is completely controlled by the software, whereby 
the software scans through the measurement protocols selected 
by the user. A number of configurations have been tested. 
Currently, Wenner array, dipole-dipole array, pole-dipole array 
and gradient array are running in the monitoring programme. 
Reciprocal measurements have also been carried out to assess 
measurement errors. Preliminary evaluation of the data quality 
has been done by calculating the measurement errors from the 
difference between normal and reciprocal measurements (Dahlin 
et al. 2001). Reciprocal measurements are carried out by using 
the potential electrodes for transmitting current and vice versa. In 
theory this should give identical results and differences are due 
to measurement errors (Parasnis 1997). Resulting estimated 
measurement errors are below 1% for proper instrument settings, 
which indicate good data quality and stable conditions. Reciprocal 
measurements were added to the monitoring setup in later years 
and such data are not available for the first years.
 The fresh waters of northern Scandinavia generally have high 
resistivities and the Sädva reservoir is no exception. Daily meas-
urements of temperature and resistivities of the reservoir water 
(Fig. 6) are taken by a submersible probe mounted on the con-
crete structure of an old spillway. Equation (1), with 
α = 0.025˚ C-1, is used to normalize for temperature. Furthermore 
the Swedish University of Agricultural Sciences (SLU) carries 
out monthly measurements of the water chemistry in Slagnäs 
approximately 100 km downstream in the river system. These 
measurements are reported as electrical conductivity (inverse of 

FIGURE 6

Resistivity in the Sädva reservoir and monthly measurements from 

Slagnäs approximately 100 km downstream (SLU 2005).

FIGURE 7

Time series of apparent resistivities for a measurement configuration 

with the midpoint located at chainage 100 m and three selected electrode 

separations, a, representing different pseudodepths. C1 and C2 are cur-

rent electrode positions and P1 and P2 are potential electrodes for the 

measurement configurations.
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2001) for the repeated data sets. Measurement errors were not 
integrated in the inversion process, due to lack of reciprocal data 
sets for the entire monitoring period, although this would have 
been desirable in order to optimize resolution and avoid artefacts 
(LaBrecque et al. 1996). More details about the methodology 
regarding measurements, treatment of the apparent resistivity 
and time-lapse inversion of the data are given in earlier reports 
(Johansson et al. 2005; Sjödahl et al. 2008). 
 The inversion approach used is based on a two-dimensional 
(2D) assumption, i.e., there is no variation in resistivity perpen-
dicular to the electrode layout, which is clearly not valid for 
embankment dams when measurements are taken along the dam 
crest. The embankment dam geometry results in so-called 3D 
effects in the inversion, which distorts model resistivity values 
and depth location, as Sjödahl et al. (2006) demonstrated through 
numerical modelling. The modelling also showed that monitor-
ing with an electrode layout along the crest of the dam is the 
most efficient approach for detecting changes inside the core of 
the dam with a single layout (Sjödahl et al. 2006). For many 
embankment dams in Sweden installation along the crest of the 
dam is the only practical option and layouts for 3D inversion are 
impossible to install due to site conditions. Since the data acqui-
sition is carried out along a single line 2D inversion remains the 
only option and the results must be evaluated with this in mind 
and should in many cases be used as anomaly indicators to high-
light where special attention and follow-up with other methods is 
called for. At Sädva, the 3D effects are expected to be severe for 

monitoring data were first developed at the Hällby dam, the first 
Swedish dam to get a permanent resistivity monitoring installa-
tion. At Hällby, special treatment of the data was needed due to 
problems with data quality. For this reason de-spiking and low-
pass filtering methods have been implemented in the data 
processing routines to filter the data before inverse modelling is 
carried out (Johansson et al. 2005; Sjödahl et al. 2008). Filter 
parameters were adjusted to remove peaks successfully without 
disturbing the natural variations. 
 Quantitative evaluation of apparent resistivities is unsuitable 
since different electrode arrays have different sensitivity distribu-
tions both along the line and with depth that will give misleading 
information. Inverse numerical modelling (inversion) is therefore 
used to estimate the actual resistivity distribution in the investi-
gated volume. Prototype software has been developed that auto-
matically goes through the combined automatic routines for 
handling data from long monitoring periods. These routines 
include filtering of data, inverting data and finally presenting 
some statistical parameters for the whole period. Inversion of the 
filtered apparent resistivity data was done using the software 
Res2dinv version 3.54r (Loke 2004). This is a well-established 
routine for fitting of a number of surface measurements, i.e., 
apparent resistivities, to a model of subsurface resistivities. The 
theory has been described in literature (Loke and Barker 1995, 
1996; Farquharson and Oldenburg 1998). Specifically the 
L1-norm optimization method (Claerbout and Muir 1973) was 
used in combination with the use of time-lapse inversion (Loke 

FIGURE 8

Sädva main dam longitudinal 

model sections with foundation 

level indicated (solid line). 

Medium inverted model of resis-

tivity distribution (top) and rela-

tive variation ((ρmax – ρmin) / 

ρmedian) of inverted resistivity 

models (bottom), over the period 

from 12 May 2001 to 25 

November 2005.
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 By evaluating the median resistivity model and the relative 
variation of the inverted models, anomalies in space and time 
respectively are identified. These two concepts are fundamental 
for interpretation of resistivity monitoring data. 
 In general, the conditions on the main dam have been found to 
be homogeneous with stable variations. The resistivity distribution 
and the variations are consistent along the full length of the dam 
except for an area immediately next to the spillway structure at the 
left end of the section (Fig. 8), which contrary to standard dam 
praxis is viewed from the downstream side. This anomaly is prob-
ably an effect from the spillway structure but it is worth keeping in 
mind that the area adjacent to a concrete structure is a common 
problem area due to lower compaction of the core. However, in 
this case, there are no other observations indicating increased 
seepage or other reported problems with the dam.
 More detailed investigations of the variations in selected areas 
can be performed by studying the resistivity over time in spe-
cific parts of the dam. An example of such a time-series for the 

the main dam. For the dyke the 3D effects should be smaller as 
it is lower and for the deeper parts of the models that cover the 
ground below the foundation of the dam, the distortion is judged 
to be of less importance. 
 Results from the Sädva main dam over the period from 
12 May 2001 to 25 November 2005 are presented (Fig. 8). This 
whole evaluation period was divided in 7-day periods and one 
inverted model was created for each such 7-day period. The 
upper part of Fig. 8 is the median of those models and represents 
an overview of the spatial resistivity distribution. Anomalous 
zones are of interest and not much attention is paid to absolute 
values in the interpretation of data due to the previously men-
tioned distortion.
 The lower part of Fig. 8 represents the relative variation, cal-
culated as (ρmax – ρmin) / ρmedian, of the 7-day data sets. This is a 
very rough statistical measure but serves reasonably well as a 
tool for indication of zones with high amplitudes in the seasonal 
resistivity pattern, which is the main interest. 

FIGURE 9

Time series of inverted resistivi-

ties from the main dam. Five dif-

ferent depths are represented, 

from the chainage 100 on the 

main dam. 

FIGURE 10

Sädva dyke longitudinal model 

sections with foundation and bed-

rock level indicated (solid lines). 

Medium inverted model of  

resistivity distribution (top) and 

relative variation ((ρmax – ρmin) / 

ρmedian) of inverted resistivity mod-

els (bottom), over the period  

from 20 September 2001 to  

25 November 2005. The four 

investigated areas at 350 m, 375 m, 

450 m and 510 m are marked out.
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particular attempt to correct this effect at the Sädva dam, have 
been carried out in this initial study. However, the effect is 
reduced by the fact that the studied areas within the dam are 
situated below the reservoir level throughout the year. 
 Another complicating factor at Sädva is that the resistivity 
variation is affected by both total dissolved solids and tempera-
ture, with neither factor clearly dominating the resistivity varia-
tion. As a result, some of the assumptions of the evaluation 
methods will not be fulfilled and the evaluation becomes more 
complicated. Nevertheless significant differences in resistivity 
and in the characteristics of the resistivity variation were found 
when comparing different locations along the dam. Therefore 
comparing these parts gives a qualitative assessment of the status 
of different parts of the dam. However when evaluating seepage 
conditions in some areas quantitatively, the disturbance from 
water-level changes and interacting temperature and total dis-
solved solids variation become troublesome.

Qualitative evaluation
Four different areas have been selected for seepage evaluation. 
The areas are all situated at the same depths at different dis-
tances along the dam. The chainages at 350 m, 375 m, 450 m 
and 510 m, as marked in Fig. 10, have been selected for testing 
of the seepage evaluation methods. A single level (+458 
m.a.s.l.) has been selected. This is below the low water reten-
tion level, meaning the soil will be saturated throughout the 
year. The dam geometry is also almost identical in all areas, so 
a similar resistivity variation should be expected at all four 
areas if they all have seepage flow regimes. The first evaluation 
step is just to compare those areas qualitatively, based on the 
result shown in Fig. 11.
 The area with the smallest resistivity variation is at chainage 
510 m, where the annual variation is only about 12%. No clear 
seasonal variation is found although there seems to be higher 
values in the autumn than in spring. The effect may just be 
caused by the changes in the water level and the seepage flow 
must then be very small.
 The largest resistivity variation along the dyke is at chainage 

Sädva main dam at chainage 100 m is given in Fig. 9. The obvi-
ous seasonal variation is a consequence of the changing water 
level and seepage-induced variations due to the resistivity varia-
tion of the reservoir water. The variations are smooth and stable, 
which indicates that the dam is performing well. There are no 
signs of unusually high resistivity variations, increasing resistiv-
ity variations or long-term trends of increasing resistivity as have 
been seen at the Hällby dam (Sjödahl et al. 2008). Such phenom-
ena might be taken to indicate high seepage levels, increasing 
seepage and internal erosion respectively. 
 Monitoring data from the Sädva dyke over the period from 
20 September 2009 to 25 November 2005 are presented here 
(Fig. 10). Evaluation has been done in the same manner as for the 
main dam. 
 The conditions on the dyke are not as homogeneous as for the 
main dam. The most obvious difference is the large diversity in the 
foundation, which is probably due to variation in rock type or rock 
quality in the underlying rock. However, the clearly higher relative 
variation in the same area is an indication of the presence of a pos-
sible seepage path in the foundation. The resistivities inside the 
dyke itself are generally higher than in the main dam. Moreover, for 
the dyke there is considerable variation in resistivity along the dam 
(Fig. 10, top) compared with the homogeneous conditions in the 
main dam. This can be explained by larger variations in material 
properties in the dyke. The relatively low variations inside the dyke 
(Fig. 10, bottom), indicate that the dyke is performing reasonably 
well. However, the possible seepage path in the foundation is worth 
some more attention and will be examined in the next section.

SEEPAGE EVALUATION
The resistivity variation in the dam is dependent on the seepage 
flow as described above. However in field applications other fac-
tors may also be of importance. 
 One such factor is the water level variation, which is clearly 
significant at Sädva. Numerical modelling has shown that water 
level changes on the order of half the reservoir height may cause 
resistivity changes of up to 40 per cent in apparent resistivity 
data (Sjödahl et al. 2006). No further detailed modelling, nor any 

FIGURE 11

Four selected areas for seepage 

evaluation. All areas from depth 

20 m, corresponding to 458 m.a.s.l.
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Quantitative evaluation
Apart from qualitative judgements, as presented above, quantita-
tive estimations may also be performed. For this purpose, the 
data from the examined areas can be used to estimate the seepage 
flow rate using the lag-time methods (equations (6) and (8)) and 
the software for concentrated flow as described previously. The 
characteristic data as well as the seepage flow rates for each area 
are summarized in Table 1. The last two columns represent the 
seepage rates calculated from equations (6) and (8) using the 
lag-time methods. As shown in equation (9), these values can be 
interpreted as the lower and upper limits of the real seepage flow. 
The lowest flow rates are found in chainage 510 m and they are 
in the order of 10-7 m3/s per m, which is just a few drops per 
square metre per second. Such low flow rates indicate that the 
integrity of the dam and the foundation is fully satisfying. The 
highest value at chainage 450 m is about 10-6 m3/s per m. This 
flow, even though it is ten times higher than in chainage 510 m, 
is actually also low and fully acceptable. The total seepage in the 
low-resistivity area around chainage 450 m, about 30 m long and 

450 m, with an annual variation about 75%. The shape of the 
curve is similar to a sine wave, indicating a thermal response and 
thus significant seepage flow. A perfect sine wave is not to be 
expected at this location close to the Arctic Circle, where the 
water temperature is around zero for 6–8 months and reaches 
approximately 14º C in the summer. In addition the variation in 
the water level causes varying conditions, which will also deform 
the sine wave response in the dam. 
 The resistivity variation in the remaining two areas, chainage 
350 m and chainage 375 m, exhibit variations with appearances 
somewhat in-between the above mentioned but more similar to the 
variation in chainage 510 m. The annual variation at chainage 
350 m is 19% and at chainage 375 m it is 32%. From visual obser-
vation of the curves, the variation is less reminiscent of a sine wave 
response. In particular the slower rise and steeper lowering of 
these curves indicates influence from the typical variation pattern 
of the total dissolved solids and the temperature effect is smaller 
and thus the seepage flow is lower. The resistivity variation is 
mainly affected by total dissolved solids variation.

TABLE 1

Estimated seepage from measured time-lag at Ch 350, 375 and 450 assuming that the maximum resistivity in the reservoir occurs on Dec 15th and 

minimum on Aug 1st. The length between inflow and measuring cell is assumed to be 20 m and the porosity 0.2. The volumetric heat capacity is 

4.2 MJ/m3/K for water and 2.5 MJ/m3/K for soil

CH 2002 2003 2004 2005 Mean td (days) qTDS (10-6  m/s) qT  (10-6 m/s)

350 t(Rmin) 17 Aug 21 Jul 1 Aug 17 Jul 29 Jul 363 0.13

t(Rmax) 12 May 18 May 12 Jun 24 May 160 0.29

375 t(Rmin) 11 Aug 31 Aug 5 Sep 28 Aug 26 Aug 391 0.12

t(Rmax) 7 Apr 9 Mar 14 Mar 20 Feb 13 Mar 88 0.52

450 t(Rmin) 11 Aug 7 Sep 22 Aug 17 Jul 14 Aug 378 0.12 0.36

t(Rmax) 24 Mar 9 Mar 20 Feb 8 Mar 83 0.56 1.65

FIGURE 12

Seepage evaluation at chainage 450 m on the Sädva dyke. Measured resistivities on 20 m depth (458 m.a.s.l.) and calculated variations from two dif-

ferent seepage flow rates. The calculations represent the temperature change from seepage-induced temperature variations, which are transformed into 

resistivity variation using equation (1). The curves are then shifted in parallel to oscillate around the mean value of the measurements.
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tool to measure the true resistivity variation. Along dams with 
a constant cross-section, zones with anomalous behaviour 
require special attention and follow-up investigations.

•	 	Seasonal	 resistivity	 variations	 are	 obvious,	 both	 in	 the	
embankment dam and in the reservoir.

•	 	The	resistivity	structure	and	the	distribution	of	the	resistivity	
variation within the main dam are rather homogeneous, 
except for a zone immediately next to the spillway. 

•	 	There	 is	 a	 large	 variation	 in	 the	 resistivity	 structure	 of	 the	
dyke with a low resistivity zone that also exhibits large varia-
tions with time. As the dyke is low in relation to the depth of 
this structure and almost constant in cross-section, it is inter-
preted as a zone of anomalous material properties within the 
foundation of the dyke. The distribution of the resistivity 
variation within the dyke, i.e., at shallower depth, is higher 
than the main dam, although the levels are not notably high. 

In addition to reporting resistivity monitoring data, methods for 
evaluating seepage on embankment dams are presented along 
with initial attempts to apply these methods on four selected 
locations on the Sädva dam. The following conclusions can be 
drawn from this part of the work: 
•	 	Methods	for	evaluation	of	seepage	in	embankment	dams	from	

resistivity data are theoretically described. The methods are 
based upon the seasonal variation of temperature and total 
dissolved solids in the reservoir. The signature of this varia-
tion propagates with the seepage water from the reservoir 
downstream through the inner parts of the dam. Resistivity is 
affected by both temperature and total dissolved solids and it 
is assumed that this signature can be measured by the resistiv-
ity monitoring system. 

•	 	Qualitative	 assessments	of	 the	 seepage	 situation	 in	 the	dam	
can be carried out by comparing different chainages along the 
dam. This is a useful method for detecting weaker zones 
along the dam. It is less challenging but also less informative 
than the quantitative assessment.

•	 	The	quantitative	 assessment	 is	 an	 unconventional	method	 to	
estimate seepage flow in different parts of the embankment 
dam. Even if many assumptions and generalizations are used 
for the quantitative approach it must be remembered that there 
are no other available methods that are able to perform such 
measurements. This method can estimate seepage flow with-
out knowledge of the hydraulic conductivity inside the 
embankment, which is advantageous as this parameter is par-
ticularly difficult to measure. Moreover, for the practical 
applications there is plenty of room for engineering simplifica-
tion, because knowledge of seepage flows with an accuracy of 
an order of magnitude is of great value for most dam owners. 
The results from Sädva are promising as an initial effort but 
more work is clearly needed for refinement of the method.

Finally, there are no indications from these observations that 
question the overall safety of the Sädva embankment dam. 
However, the zones with high resistivity variations will be kept 
under special observation in the future.

10 m high, will only be about 0.3 l/s. Such small flow rates will 
be difficult to detect using conventional methods, such as a seep-
age weir collecting water over some hundred metres along the 
dam. These low flows are also well below any reasonable seep-
age alarm level and at the moment they form no threat to the 
safety of the dam. Seepage rates need to be at least 100 times 
higher or increasing to constitute a dam safety concern.
 The result at chainage 450 m indicates that the concentrated 
seepage zone approach could be used. However in this case we 
must also assume that total dissolved solids is constant. The 
resistivity variation for two seepage flow rates was calculated 
using the software in Johansson and Hellström (2001) by trans-
forming the calculated temperature response into resistivities 
using equation (1) and superposing it on an assumed resistivity 
level corresponding to the mean resistivity at chainage 450 m. 
The resistivity then shows a maximum value at the beginning of 
March (Fig. 12). The calculated variation is smaller than the 
measured variation, probably due to the influence from the total 
dissolved solids variation in the reservoir water. It is also clear 
that for the studied area the best agreement is found for a total 
seepage flow of 3.0 × 10-5 m3/s per m. The assumed seepage zone 
height was 10 m for these calculations, which results in a seep-
age flow of 3 × 10-6 m/s, which is about three times higher than 
the value estimated from the 1D transport approach in Table 1.
 Although these calculated flow rates are based on several 
simplified assumptions the results are useful for a dam owner, 
since they provide knowledge of at least the order of magnitude 
of the seepage flow rate in absolute values. However of more 
importance is the fact that the method allows detection of small 
relative changes both in time and in space, because any seepage 
increase may be of large importance. The early detection of a 
trend of increasing seepage is of great value for the overall 
safety of a dam.

CONCLUSIONS
The on-going monitoring programme, with daily resistivity 
measurements since 2001, at the Sädva embankment dam is a 
valuable experience for the application of the resistivity method 
on embankment dams. The following conclusions can be drawn 
from the installation and the measurements:
•	 	Good	electrode	contact	was	achieved	at	 the	 installation	and	

the measured data exhibit low noise levels. For central core 
dams, installation of the electrodes inside the upper part of the 
dam core can be an efficient way to avoid data quality prob-
lems due to high electrode contact resistance. 

•	 	A	 partially	 automatic	 method	 of	 handling	 long	 time-series	
resistivity data has been developed. This evaluation is based 
on identifying zones with i) long-term changes in resistivities, 
ii) high resistivity variations and iii) increasing resistivity 
variations. The method is efficient and useful.

•	 	The	2D	 inversion	models	must	 be	 assessed	with	 the	distor-
tions due to geometry in mind and the method may therefore 
in many cases be used as an anomaly detector rather than a 
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