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Abstract 

The behavior of the rock mass under a hydropower dam is 
important for the functionality and safety of the dam. In 
addition to the static load of the dam complex itself, the 
foundation rock is exposed to different cyclic water loads 
that vary with time from the very first filling of the reservoir 
throughout the life time of the dam. These varying loads 
induce deformations in the foundation rock that may lead to 
different processes such as erosion and reduction of bearing 
capacity of the dam. With time these deformations develop in 
the exposed rock mass, which in term facilitate degradation 
of the properties of bed rock. Most existing dams in Sweden 
have been in operation over the last 30 - 60 years, which 
makes it important to study the potential rock mass 
deformation over longer times. The objective of this paper is 
to show how the developed conceptual model has been 
adopted for the investigation of foundation rock of Håckren 
dam. For that purpose a coupled hydro-mechanical two-
dimensional discrete element method with the program 
UDEC was used. This program allows the study of 
deformation along existing discontinuities, which is thought 
to occur in the rock mass under existing embankment dams 
in Sweden. The problem was first studied using conceptual 
models, with the results indicating that the first filling of the 
reservoir and one seasonal variation of the water table cause 
substantial shear- and normal deformation of the underlying 
rock mass and the grout curtain. Parameters that induce 
higher deformations are closely spaced discontinuities, low 
friction angles of discontinuities, and high differential 
stresses. In this paper, we will present the preliminary results 
from converting the conceptual numerical model to a 
Håckern dam, Sweden. 
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Introduction 

The mechanical behavior of the rock mass under a dam 
complex has received relatively little attention in the 

literature. The seasonal variation of the water level in the 
reservoir may induce displacement along discontinuities. 
Even small displacement may have unfavorable influence on 
the integrity of a grout curtain. Cyclic variations of load also 
may result in break-down of filled fractures. This could 
enhance the amount of erosion along fractures.  A few 
studies of rock mass in term of stability of dam have been 
carried out using analytical [1] or numerical methods [3], [4], 
[6].  
The peak of dam construction in Sweden occurred from 1950 
to 1980. Hydropower is an important source of energy in 
Sweden that is relying on safe dam conditions. The concerns 
regarding the potential of a degraded grout curtain and 
enhanced fracture erosion has resulted in the start of this 
study, which is executed as a PhD project in three steps. 1) 
construction of a conceptual model in 2D; 2) the adaptation 
of the conceptual model to a real case in 2D; and 3) the 
expansion of the 2D model to a 3D model.  
Bondarchuk [2008] has analyzed the response of the bed rock 
to the construction and initial exploitation of a dam in a 
conceptual numerical model. The Universal Distinct Element 
Code, UDEC [5] was selected for the analyses, because the 
code is suited to study displacements along discontinuities in 
a blocky rock mass, i.e. the conditions that are thought to 
prevail under a dam. Bondarchuk [2008] constructed two 
conceptual models using typical Swedish rock mass 
conditions, and a dam of the homogeneous embankment 
type. The major findings were that highly fractured bed rock, 
rock mass with large differential stresses, and/or joints with 
low friction angles result in the largest magnitudes of shear- 
and/or normal displacements along the joints and total flow 
through the bedrock.  
The second step has been initiated, to adopt the conceptual 
model to a real dam in a case study. The Håckren dam has 
been chosen as the real case dam for the following reasons: It 
is a zoned embankment dam, mostly founded on rock, it has a 
high regulation surface, and, for Swedish conditions, an 
unusual amount of data had been collected. The annual 
amplitude of regulation is 27 m, which will allow us to test 
the hypothesis that substantial variation of the water table has 
a negative influence on the stability of rock foundation [9]. 
Figure 1 shows the location of the Håckren dam.  
 



 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

                                      

                                                  

     Figure 1: Location of the Håckren dam, Sweden 
  
The Håckren dam is a Class 1A dam where loss of life and 
serious injury and damage may follow if dam failure may 
occur [7], [8]. In 2008, it was examined by the international 
Review Panel of “Svenska Kraftnät” and Swedenergy to 
ensure that the safety of dam comply with best international 
practice and standards [8]. “Svenska Kraftnät” is considered 
to be the authority that provides guidance on issues of 
supervision of dam safety in Sweden.  
This work aims at modeling the dam performance by fitting 
results obtained from numerical models to the measured 
results of hydraulic pressure in foundation rock. A calibrated 
model will be used for analyzing potential bed rock 
deformation with focus on dam stability and fracture erosion. 
Description of the conceptual model and dam with more 
detailed geology, simplification / assumptions and selected 
results focusing on deformation and pore pressure in the 
foundation bedrock are presented in this paper.  

Conceptual numerical analyses 

Model description  
The initial step of this study was to analyze the behavior of 
the rock mass using 2D conceptual model [6].  The 
investigation were performed along two cross-sections: 
Cross-Section A (CS-A) which is normal to the axis of the 
dam, and Cross-Section B (CS-B), which is parallel to the 
axis (Figure 2). The rock mass has been discretized into 
deformable triangular finite-different zones in the UDEC 
mesh for two conceptual models (CS-A and-B). The models 
  

 

 
Figure 2: Distinct element mesh of conceptual model for two 

cross-sections A (a) and B (b) 
 
 
 

 



were subdivided into four areas of different zone size to 
obtain good resolution in the areas of interest and to optimize  
the calculation time. The linear elastic-perfectly plastic 
(Mohr-Coulomb) model has been applied for blocks and  
discontinuities in the analyses. A total number of 34 input 
parameters describe the properties of the rock mass (Table 1 
and Table 2), grout curtain (Table 2), dam body, and stress 
field.  
 

TABLE 1: ROCK BLOCK PROPERTIES 

 

Parameter Value 

Density, ρ  [kg/m3] 2700 

Young’s modulus, E  [GPa] 61 
Poisson’s ratio, ν  [-] 0.25 
Friction angle, θ  [º] 69 
Cohesion, c  [MPa] 5.142 
Tensile strength, T  [MPa] 1.21   

 
TABLE 2: PROPERTIES OF DISCONTINUITIES 

Name Value 
ungrouted 

Value 
grouted 

Joint normal stiffness [GPa/m] 10 12 
Joint shear stiffness [GPa/m] 10 12 
Aperture for zero normal stress 
[m] 

0.25·10-3 0.12·10-3 

Residual aperture [m] 0.125·10-3 0.06·10-3 
Joint cohesion [MPa] 0 0.6 
Joint residual cohesion [MPa] 0 0 
Joint friction angle[º] 35 35 
Joint residual friction angle [º] 30 25 
Joint dilation angle [º] 9 9 
Joint permeability 
constant[1/Pa s] 

300 300 

Joint tensile strength [MPa] 0 0 
Joint residual tensile strength 
[MPa] 

0 0 

Distance between joints [m]  2 and 3 2 and 3 
 

The sensitivity analyses included the study of six parameters: 
the first parameter characterize the stress state, whereas the 
remaining five parameters describe the joint behavior (Table 
3). The influence of individual parameters, expressed in 
terms of magnitude and location of shear / normal 
displacement and total leakage through the bedrock, was 
estimated during three stages of the life time of the dam:  
   Stage 1    Static loading from the constructing of the dam  
                   facility;    
   Stage 2    Impounding the reservoir; and  
   Stage 3    Cyclic loading from water in the reservoir 
During the sensitivity analyses, one parameter (Table 3) was 
 

varied at a time from the base case model (BC). During each 
of these stages, between 11 and 14 simulations were run. 
 
Results of conceptual model  
The magnitudes and locations of maximum shear and normal 
deformation along discontinuities (i.e. joints), and the total 
water flow through the rock mass were studied in a total 
number of 61 sensitivity analyses. Figure 3 shows an 
example of where deformations occurred in the models. The 
location and value of maximum shear and normal 
deformation in each model was determined using the curtain 
commands of UDEC that only plots a certain range of values: 
The upper limit of the plotted range is the maximum 
deformation found in the model, while the lower limit is 
calculated by dividing the maximum values by 5. Figure 5 
compares the variation of deformation of the maximum 
deformation of individual parameters with respect to shear 
and normal deformation in the rock mass and grout curtain 
during the three stages of the dam life. The magnitudes of 
deformation for the three stages and for normal and shear 
deformation in the rock mass and grout curtain vary from 0 
to 6010 μm. In general, the smallest deformations are 
obtained in the normal direction in the grout curtain, and the 
largest deformations are obtained as shear deformations in 
the rock mass. 
 

TABLE 3: ALTERED PARAMETERS 

Model 
No. 

C-S Parameters BC Model 

1,2 A & B Stress magnitudes  
[MPa] 

 

σH= 2.8+0.0399z 
σh =2.2+0.0240z 

3, 4, 5 A & B Joint friction angle  
[º] 

35 

6 A & B Joint dilation angle  
[º] 

9 

7, 8, 9 A & B Dip of joints  
[º] 

subhor.izontal:  5 
subvertical: 85 

10, 11 A & B Normal subvertical  
joint distance  

[m] 

5 

12, 13 
14 

A Hydraulic aperture  
[mm] 

0.25 

KEYS: Hσ , maximum horizontal stress; hσ , minimum horizontal stress; 

vσ , vertical stress; B, subhorizontal (banking) joints; SVJ, subvertical 
joints.  
 
It was estimated that construction of the dam facility (Stage 
1) causes usually insignificant shear and normal 
deformations in the bedrock, however presence of areas with 
high joint frequency may results in noticeable normal 
deformation of joints. 
The first filling of the reservoir (Stage 2) results in noticeable 
development of displacements in the rock mass. It causes 



dangerous opening of joints when the joint frequency is high 
and the friction angle is low. The importance is emphasized 
by the location of deformation. Grout curtain shows a stable 
condition in general. However within the group (grouted 
joints) low friction angle identifies the most noticeable 
influence on shear deformation. 
Variation of the water table causes cyclic loading of the 
bedrock and dam (Stage 3) and it results in further 
development of displacement in the rock, with most 
noticeable magnitudes for high differential stress and low 
friction angle. Normal deformations are not influenced 
significantly, except for the case where the rock mass is 
under high differential stress. Grout curtain shows the same 
condition as in previous stage. 
 

Figure 3: Calculated shear deformations during Stage 2 

Case study: Håckren dam 

The Håckren dam is a zoned regulation dam with a height of 
67 m, length of 860 m, storage capacity of 700·106 m3, and 
an allowed amplitude of regulation of 30 m. The dam was 
constructed from 1962 - 1965, followed by the first filling of 
the reservoir that took about one year. The cross-section of 
dam and its foundation rock mass is shown in Figure 4. 
The bedrock is composed of metamorphosed sedimentary 
deposits, i.e. clayey slate interbedded with greywacke [2]. 
The strata sequence is generally greywacke in layers 10 - 20 
cm thick, alternating with thinner layers of clayey slate and 
counter wise. The bedrock strata within the dam area have a 
fairly flat dip towards the upstream direction of the dam. 
However, because the rock locally is folded, the dip of beds 
varies, up to near vertical in places [2].  
Folded sequences are resulting from ductile deformation. In 
addition, brittle crack formation is also extensively observed. 
Investigations in the area suggest that two main discontinuity 

systems exist within the dam area [2]. One discontinuity set 
is fairly regularly oriented in relation to the folding direction, 
and runs across the valley with a steep downstream slope. 
Sideways the extension, as a rule, small and the 
discontinuities are generally filled with quartz and calcite. 
The second system is less regularly oriented. The 
discontinuities, have a considerably longer extension in the 
longitudinal direction of the valley. They cross the dam axis 
in the form of local fissure zones. In addition, one of these 
zones is located under the river bed and it consisted of badly 
crushed rock. The width of this zone is, comparatively small. 
Cleft existed in the zone, one meter wide at the rock surface, 
and filled with fine fragments of rock; it crossed the core area 
at an angle of about 45°.   
The tightening core of the dam, the supporting fill, as well as 
the rock-fill members at the upstream and downstream toes 
of the slope, are founded on rock. The remaining parts of the 
supporting fill are founded on natural soil with the exception 
of those areas where the ground consisted of fine-grained or 
loosely compacted strata that are susceptible to erosion.  
Below the impermeable core, sections with intensely 
fractured rock were carefully blasted off at the time of 
construction [2]. Steep rock slopes and overhanging parts of 
more than half a meter were blasted or leveled off using 
concrete. The crushed-zone under the river bed was 
excavated to a depth of about 1 m and refilled with concrete. 
At the upstream edge of the tightening core, concrete was 
moulded out to a somewhat greater depth.  
Extensive grouting was carried out within the zone of 
impervious soil. Concrete was been poured or sprayed onto 
the surface rock of poor quality, and it has been stabilized by 
grouting down to a depth of 1.6 m across a width of 10-30 m. 
It has been subsequently grouted to a depth of 6.4 m across 
the width of 6 m. A grout curtain was placed under the 
impervious core and propagated to different depths, 
depending on the height of the dam. It runs along the 
complete length of the impervious core [9].  
An additional inspection tunnel was blasted out downstream 
of the impervious zone and it propagates along the greater 
part of the dam length. It is used for investigation, inspection 
and drainage purposes (Figure 4).  

 
Figure 4: Layout of Håckrent embankment dam 

 
 



  

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 5: Comparison of calculated values of maximum deformation obtained during Stage 1 to 3. Shear (A, C) 
and normal deformations (B, D) of the rock mass (A, B) and the grout curtain (C, D) 

 
The dimension of model has been modified slightly. In 
horizontal plane model extends up to 500 m from upstream 
of the heel and downstream of the toe. The foundation rock 
was simulated to a depth of 200 m. As the rock foundation 
consists of two rock types, we are currently using the 
properties of the weaker rock type for building material of 
the rock mass in the model. 

Preliminary UDEC model of the Håckren dam 

The work on adapting the conceptual model to the real case 
has started. To better account for the water pressure in the 
dam on the interface between the dam and foundation rock, 
several simplified models have been developed. These 
models help determining properties of material and 
discontinuities for supporting fill and core, which will 
introduce more realistic values of water pressure and weight 
on the interface between dam and foundation.  

The characteristics of existing discontinuities in the rock 
mass (joints and lithological boundaries) are introduced into 
a restricted zone of the model only (Figure 6). The 
discontinuities correspond to three major geological 
structures, namely fissure zone, joint system, and lithological 
boundaries. The fissure zone extends along the axis of the 
embankment dam from right abutment, at widths up to 2 m. 
The joint system runs across the valley with a steep 
downstream slope. The altering lithological layers of clayey 
slate and greywacke in the rock mass are introduced into the 
model as horizontal discontinuities.  

Core
Supporting fill

Grout curtain

 
The grout curtain is simulated in three parts: (1) The area-
grouting was performed to the depth up to 1.6 m, which 
extends along the whole foundation of the core; (2) Part of 
this area was subsequently grouted to the depth of 6.4 m; and 
(3) The depth of the main grout curtain was performed to the 
depth of 25 m in the area of investigation. All the 

Figure 6: Håckren dam jointed rock mass hydro-mechanical 
model 

 
 
 



discontinuities in these areas are assign properties of grouted 
joints. 
To account for the inspection tunnel, which works also as a 
drainage tunnel, a zero pore pressure is assumed in the area 
of the tunnel in the rock mass.  
A simplified approach has been chosen for the early steps of 
simulations. The rock blocks are simulated as isotropic 
elastic material, based on the assumption that the stress state 
at shallow depth is small and no plastic deformation occurs. 
The elastic properties of blocks in fissured zone are slighter 
lower to account for the crushed rock. Joints are assumed to 
be relatively permeable, with stress-dependent permeability 
characterized by their stiffness and initial hydraulic aperture. 
The permeability of joints in fissure zone was even higher 
compare to surrounding discontinuities.   

Concluding remarks 

The investigation of case studies with numerical code is a 
complicated process. The accuracy of the results of the 
analysis is depending on available information, its quality 
and how well it describes the rock mass. Nevertheless, 
numerical analyses are useful for studying complex problems 
and understanding the impact of individual parameters. Such 
investigations are important for predicting the long term 
behavior of the Håckren dam.  
Currently, we focus on calibrating our models with existing 
pore pressure measurements in bedrock and core. We 
anticipate to have progressed in time for the conference.  
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