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1. INTRODUCTION 

 

 

The Storfinnforsen (1954) and Ramsele (1958) dams along the river 

Faxälven are among the largest buttress dams in Sweden. The dam in 

Storfinnforsen is e.g. about 600 m long divided in 81 monoliths and with a 

maximum height of more than 40 m. During the last 10 years it has been put 

under more thorough investigation regarding the dam safety status and reason 

for cracking and other types of damages. Thereby a lot of knowledge about the 

status of the concrete dams has been developed. As an effect of this, but also 

due to uncertainties in the dam behaviour, a need to define a suitable, modern, 

monitoring level also aroused. Several strengthening measures to further 

improve the dam safety status have been made.  
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Fig. 1 

Downstream face of the Storfinnforsen dam 

Parement aval du barrage de Storfinnforsen 

 

The Swedish dam safety guideline only gives limited support in the 

selection of monitoring level of concrete dams. This especially applies for long 

dams with many monoliths as the dams in Storfinnforsen and Ramsele. The 

ICOLD-bulletins 154 [1] and 158 [2] from 2012 gives some guidance on 

designing suitable monitoring system. This paper describes how these bulletins 

are used and also how these have been further optimized for long dams. 

 

The majority of the material presented can be found in Nordström & al. [3] 

 

 

 

2. DESIGN METHOD 

 

 

A systematic approach to analyse the monitoring needs for a dam facility is 

setup for the project. Briefly a monitoring system should give prerequisites to: 

 

• Evaluate if dam parts fulfils designed safety level / performance 

• Receive early indications if the performance is decreasing. 

 

The monitoring system should be designed to allow for possibilities to 

detect the root cause to the deviation and thereby be able to take measures. To 

ensure that the dam is safe, site specific conditions should be taken into 

consideration, such as: 
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• Threats   - External 

    - Internal  

• Failure modes   - Stability  

    - Breach 

• Consequences of a dam failure - Flood wave 

    - Inundation 

 

 

2.1. POTENTIAL THREATS AND FAILURE MODES 

 

Identified threats for concrete dams can be divided in external and internal 

threats. Extreme floods, earthquake, landslides in reservoirs and human errors 

are examples of external threats. Internal threats can occur due to design and 

construction errors, poor maintenance and operation. The potential failure modes 

that can occur in a concrete dam are basically breach or stability problems. 

Stability failures can mainly occur through overturning of the dam or via sliding in 

or in contact with the bedrock. 

Fig. 2 

Risk factors and weak points for concrete dams 

Facteurs de risque et points faibles des barrages en béton 

 

One weak zone for buttress dams is the dilatation joint in the front plate 

between two monoliths. The joint area can suffer from lower concrete quality from 

construction or due to degradation caused by leaching, frost and/or reinforcement 

corrosion. Therefore one failure mode is breach in the front plate.  

 

The first potential stability failure mode is overturning. Overturning has its 

origin from insufficient stability and can occur either via external threats followed 

by a complete overturning around an axis along the dam toe. Or it could occur as 

a combination of external and internal threats followed by overturning parts of the 

dam body due to cracks. 
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Another potential stability failure mode is failure in the bedrock under the 

dam which gives an upstream movement of the axis for overturning, that further 

increase the risk for overturning due to shorter level arm for the stabilizing forces. 

 

The bedrock, or the contact between the concrete and the bedrock, can be 

cracked, potentially from the upstream side and in under the dam structure. This 

can give an increased uplift pressure which further will increase the risk for 

overturning. Sliding may occur if large continuous cracks are localized in the 

bedrock beneath a monolith. If these large cracks are filled with other materials 

(e.g. clay) it will increase the risk further, due to reduced friction in the crack. 

 

 

2.2. ANALYSIS OF EXISTING DEFICIENCIES 

 

A compilation of existing and identified deficiencies for every monolith has 

been made. To be able to summarize the total amount of deficiencies, a system 

with points has been created. A deficiency in e.g. concrete quality and leakage or 

a section being repaired gives 1 point. Lower rock mass quality gives 1 point and 

smaller margin to the desired level of stability give 1 point etc. It should be 

emphasized that the point system does not give absolute values on the 

deficiency level, only a possibility to make relative comparisons between the 

different monoliths. All data used in this compilation is based on findings in 

previous reports and investigations.  

 

Concrete: All known deficiencies of the concrete in the monoliths have 

been listed. E.g. cracks are compiled in crack categories and crack width 

obtained from previous mapping. Other, non-categorized cracks, are also listed. 

In figure 3 the different crack categories on monoliths and front plates and their 

individual number is shown. No differentiation has been made when it comes to 

the impact on the points for deficiencies in connection to cracks so far. The 

general view is that most of the crack types exist in a majority of the monoliths. 

 
Fig. 3 

Principal cracking on monolith and frontal slab. 

Fissuration principale sur le contrefort et sur le dallage frontal amont. 
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In general weak, deteriorated or previously repaired parts give 1 point in the 

system. One could have the opinion that repaired parts should be considered as 

new and corrected, but the reason for a deficiency point is that the concrete 

quality in the area must be considered as generally lower. Due to the fact that the 

reservoir was not emptied during repair, it must also be assumed that damaged 

concrete could not be completely replaced and thereby the prerequisites for a 

high quality repair were not optimal. 

 

The amount of leakage through cracks in the concrete, and especially the 

front plate, has been evaluated. A subjective classification in heavy leakage and 

signs of degradation, medium leakage and homogenous concrete, and small 

leakage has been given the points 3, 2 and 1 respectively. 

 

Bedrock: Data on rock quality has been compiled based on rock mass 

investigations. It mainly gives an idea about the homogeneity of the rock mass 

under the investigated monoliths. Parts of the cores with lower quality (given as 

Rock Quality Designation-values, RQD) are listed. From the RQD-evaluation, a 

characterization in the Q-system by Barton [4] is performed. The Q-value gives a 

value that estimate the rock quality from a rock mechanical perspective. The rock 

mass is evaluated based on the following factors; crack roughness, number of 

cracks and crack filling. In order to get a full classification, rock stresses and 

water leakage from cracks should also be included. 

 

From the previous investigations, a mean value and the lowest value from 

the drilled cores are tabulated. A high Q-value indicates a homogenous rock 

mass with few cracks and good strength. Low Q-values points towards poor 

strength properties with more cracks and eventually cracks filled with soft 

materials that could cause a sliding plane. A single low Q-value is seldom 

alarming. Several adjacent cores with low Q-values and continuous crack planes 

at the same level are more alarming.  

 

For samples where the number of crack groups and crack roughness is not 

noted in the investigations, a Q-base is defined based on the type of material 

found in the crack. The number of crack groups gives information about the 

degree of cracking of the rock mass. The crack roughness and type of crack 

material gives an indication of its ability to withstand sliding.  

 

In addition, there is a subjective summary on the rock status for each 

monolith. Three levels of quality with good, single sections with bad quality and 

several sections with bad quality were used. In the deficiency point system the 

levels corresponded to 0, 1 and 2 points respectively. 

 

Stability: For both the facilities in Storfinnforsen and Ramsele measures are 

taken to improve the stability against sliding and overturning on the concrete 

monoliths. Post tensioned anchors are installed to withstand the design loads. 

Nevertheless some monoliths have lower margins when it comes to sliding 

stability. Those monoliths are given one point. 
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2.3. CONSEQUENCE ESTIMATIONS 

 

It is important to consider that different monoliths may result in different 

impact or downstream consequences if they breach, slide or overturn. Thereby, 

height should be correlated to the immediate amount of water released in case of 

a failure (height of flood wave). The consequence should be higher if the 

monolith is adjacent to the embankment dams which would give a secondary 

failure on the embankment dam. After time the inundation consequences can be 

similar but take longer time to empty the reservoir if a smaller monolith fails. 

 

The dams are in this study divided in consequence classes that correlate to 

the monolith height. “Highest” consequences are considered for monoliths higher 

than 30 m, “higher” between 20 to 30 m and “high” consequences for monoliths 

lower than 20 m. Critical monoliths as those situated adjacent to embankment 

dams are considered to be in the highest consequence class. 

 

 

2.4. OPTIMIZATION FOR LONG DAMS 

 

The concrete dams in Storfinnforsen and Ramsele are long. To avoid the 

costly result of only a general recommendation to be applied along the entire 

dam length, a method for differentiation along the dam length is suggested. 

Differentiation is made with a risk based approach and identified deficiencies are 

correlated to the consequence of a failure of a single monolith. A real failure 

could consist of more monoliths failing at the same time and there might also be 

a domino failure with many monoliths. Nevertheless there is a difference in height 

of the flood wave if initiation is in a high or a low part of the dam. 
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Fig. 4 

Risk matrix based on identified deficiencies and monolith failure consequence 

Grille de risque définie à partir du nombre de dommages observés et des 

conséquences consécutives à une rupture d’un plot. 
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2.5. SELECTION OF MONITORING TYPES 

 

To cover potential threats and failure modes for a concrete dam of the type 

that Storfinnforsen and Ramsele represent the previous sections describes an 

approach. In the table below, typical weak points on a concrete dam are listed 

and finally the recommended type of gauges to monitor. 

 

Table 1 

Examples of monitoring suitable for concrete dams 

Exemples de méthodes de surveillance adaptées pour les barrages en béton 

 

Weak points/risk Type of 

threat 

Failure mode Consequence Example of 

monitoring types 

Overtopping External Overturning 

 

Failure of 

cross-section 

Uncontrolled 

leakage 

Dam breach 

Automated water 

level gauge 

Dam Overtopping 

Protection System 

Increased uplift Internal Overturning 

 

Sliding 

Uncontrolled 

leakage 

Dam breach 

Piezometers 

Erosion in downstream 

toe  

External/ 

Internal 

Overturning Uncontrolled 

leakage 

Dam breach 

Visual 

 

Pendulum 

Failure / movement in 

bedrock  

Internal Overturning 

 

Sliding 

Uncontrolled 

leakage 

Dam breach 

Pendulum 

Extensometers 

Crest movement 

Joint movements 

Anchors Internal Overturning Uncontrolled 

leakage 

Dam breach 

Load cells 

 

Crest movement 

Joints Internal Failure of 

cross-section 

Uncontrolled 

leakage 

 

Visual 

Gauges for crack or 

joints width / 

movements. 

Leaching / degradation  

 

Internal Failure of 

cross-section 

Uncontrolled 

leakage 

Visual 

Weirs  
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3. SELECTION OF MONITORING 

 

 

3.1 VISUAL INSPECTION 

 

Visual inspection is considered as an important part of the supervision and 

condition monitoring for a dam facility. The accuracy of a visual inspection is 

controlled by the distance at which the surfaces are observed to be able to detect 

new or changes in existing deviations. The accuracy of the visual inspection is 

also governed by what type of inspection that is intended. Usually the inspection 

types are split into these levels 

 

1. Rounding (weekly) 

2. Inspections (2 times/year) 

3. In-depth inspection (1 time/3 years) 

4. In-depth dam safety evaluation (SEED) (1 time/12 years) 

 

The different intervals for visual inspection indicate various levels of 

ambition and what competence and experience is demanded of the inspector. In 

Table 2, expectations and demands of a visual inspection can be seen. 

 

Table 2 

Demands and expectations of a visual inspection 

Exigences et attentes d’une inspection visuelle 

 
 Interval Competence 

and experience 

Level  

of  

ambition 

Detectable deficiencies Needs of 

distance to 

concrete 

surfaces 

Rounding 1  

time/ 

week 

Technical 

education     

>3 years 

 

Find large 

changes, 

deviations. 

 

- Substantial leakage 

increases 

- Larger concrete damages 

(> 2 dm2) 

- Large increase in cracking 

10 m 

Inspection 2  

times/ 

year 

Technical 

education 

 >5 years 

Find large 

changes, 

deviations. 

 

- Larger concrete damages  

(> 2 dm2) 

- Large increase in cracking 

10 m 

In depth 

inspection 

1  

time/ 

3 years 

MSc Civil 

Engineering 

 >10 years 

Find large 

changes, 

deviations. 

Changes over 

a long time. 

- Larger concrete damages  

(> 2 dm2) 

- Increased cracking 

- Partial delamination control 

10 m, 

Close 

distance for 

delamination 

control 

In depth 

dam safety 

evaluation 

SEED 

1  

time/ 

12 

years 

MSc Civil 

Engineering 

 >10 years 

Find large 

changes, 

deviations. 

Changes over 

a long time. 

- Larger concrete damages  

(> 2 dm2) 

- Increased cracking 

- Partial delamination control 

10 m, 

Close 

distance for 

delamination 

control 



Q.99 – R. 

 

 

3.2 MONITORING DEVICES - GENERALLY 

 

During the design of the monitoring system, it was decided to perform the 

monitoring stepwise. The first stage has been conducted consisted of pore 

pressure devices. The second stage is suggested to consist of the installation of 

pendulums, 2D and 3D joint/crack gauges, leakage flow measurements, devices 

for temperature and humidity measurements. The third stage is suggested to be 

performed after the current rock investigations have been concluded but a 

preliminary assumption is that it should consist of extensometers and/or inverted 

pendulums to monitor a potential initiation of a sliding failure. 

 

 

3.3 NUMERICAL SIMULATIONS OF FAILURE MODES 

 

To be able to design the monitoring system for the two dams in an optimal 

way, a number of numerical simulations have been performed. 

In the simulations, the loads have successively been increased (above 

design load) up to the point of failure, in order to capture the behaviour of the 

different failure modes. Thereby it is possible to prioritize which parameters and 

positions that are most suitable to monitor in order to get an early indication of 

the failure initiation. 

 

The general results from the simulations give that the risk for an overturning 

failure is rather low with a high safety margin. Thereby, the monitoring of the risk 

for the overturning failure mode is generally of lower importance compared to 

other failure modes. The safety margin for a sliding failure is significantly lower 

and monitoring of parameters capturing the initiation of this is high priority. 

Furthermore the results gave the following input on which parameters to monitor: 

 

• Crest displacement. Due to the shape of the dam, the crest will work as a 

gauge for changes in the dam body or the foundation.  

• Dilatation joint movement. Relative movements between different front 

plates would capture e.g. an internal overturning or an initiation of a sliding 

failure. 

• Crack width. Monitoring the diagonal cracks from e.g. the inspection gallery 

up to the front plate (and continuing in the front plate). Good for capturing 

internal overturning. 

• Sliding movements. The safety margin for a sliding failure is lower in 

comparison to an overturning failure. Should be monitored with 

extensometers in every monolith. 
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3.4 MONITORING LEVEL - GENERALLY 

 

Taking the risk assessment according to section 2.4 and the general need 

to monitor according to Table 1, three levels of monitoring is suggested.  

Extensive  –  extensive monitoring due to high amount of deficiencies and 

highest consequences in case of failure. (includes risk level red). 

Medium  –  medium high level of monitoring due to identified deficiencies and 

higher consequences in case of failure. (includes risk level orange 

and yellow) 

Basic  –  base monitoring due to low amount of deficiencies and high 

consequences in case of failure. (includes green risk levels) 

 

 

3.5 PRIORITIZATION OF MONITORING 

 

To conclude the input from potential failure modes and threats in Table 1 

and the numerical analyses in section 3.3, a prioritization according to the set-up 

below is suggested. Briefly the monitoring is primarily aiming to verify the effect of 

a new insulation wall and to control that the sliding stability is sufficient. Secondly 

the monitoring is supposed to capture any changes corresponding to stability and 

finally to survey any concrete degradation and problems related to that.  

1. Temperature and humidity. The purpose with the installation of a new 

insulation wall along the dams is to minimize the movements due to thermal 

action. It is also to prevent further degradation due to frost. The monitoring 

of temperature should be used to verify that the wanted effect is achieved. 

Temperature sensors for air (inside/outside), reservoir water and in the 

concrete (at different depths) are suggested. Humidity measurements are 

used to control the risk for condensation under the bridge deck. 

2. Pendulums. Can be both direct (attached under the bridge deck and 

downwards) or inverted (mounted down in the bedrock and upwards). 

Direct pendulums are very efficient for measuring crest movements in 

comparison to the bedrock. Due to the shape of the dam the long wire will 

be a good gauge for early indications on movements due to overturning 

(global or internal). The inverted pendulums are in the similar way a good 

early indication on the initiation of a sliding stability problem. 

3. Extensometers. Important to capture any signs of sliding to be initiated, 

either in the contact concrete/rock or in a weak zone below the foundation 

level (rock/rock). 

4. Pore pressure/piezometers. To detect any increase in the uplift pressure 

acting on level concrete/rock or rock/rock. Correspond mainly to sliding 

stability. 

5. Joint movement. Can be used to detect any movement connected to 

internal stability, overturning or sliding stability. 
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6. Crack width. Multiple purposes with verification of structural behaviour after 

installation of new installation wall as one purpose. Early signs of initiation 

of internal overturning or sliding. 

7. Load cells on tendons. Main purpose would be to verify that the sufficient 

stabilizing force is applied. Can be used to extend the interval for physical 

testing. Numerical simulations show that loss of two tendons (of four) 

should not lead to overload on the remaining two tendons, thereby the 

lower priority. 

8. Leakage measurements / Weirs. Can be used to detect increased crack 

opening on non-monitored cracks and to follow concrete degradation as 

e.g. leaching. The process can be considered to be very slow but long-term 

trends should give good information. The water temperature in the weirs 

and in the reservoir should be monitored. 

 

 

3.6 AUTOMATION 

 

Due to the length of the dams, the result most probably will be quite a large 

amount of monitoring along the two studied dams. Although routine inspections 

will be performed weekly or bi-weekly the limited amount of staff available is 

suggested to focus on visual inspection and not on a large amount of manual 

readings of instruments. Since many of the already ongoing installations will be 

automated it is suggested that additional instruments suggested from this report 

preferably should be included in the automatic monitoring system. 

In addition to the automatic system, there should be routines for calibration 

and manual control of gauges for comparison with the automatic measurements. 

This to ensure that the system is performing as expected. 

 

 

 

4. DESIGN OF MONITORING FOR STORFINNFORSEN 

 

 

The developed system described above, on how to design and optimize the 

monitoring system for a long concrete buttress dam is in this section exemplified 

with the results on the Storfinnforsen dam. 

 

 

4.1 CONSEQUENCE CLASSIFICATION OF MONOLITHS 

 

The monoliths have been classified dependent on the size of the monolith 

and what the consequences are in case of a potential dam break flow. Highest 

and critical (connection towards the embankment dam) monoliths is given the 

highest consequence class. The class for every monolith can be seen in figure 5. 
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Class A:  Highest monoliths (>30m), and connection towards embankment 

 dam: 24 (nr. 31-54) + 1 (nr.1-5) 

Class B:  Higher monoliths (20<H<30m): 32 (nr. 1-3; 11-18; 24-30; 55-68) 

Class C:  High monoliths (<20m): 28 (nr. 4-10; 19-23; 50A-52A; 69-81) 

 

Fig. 5 

Consequence classification of monoliths in Storfinnforsen 

Classes de conséquences pour les plots du barrage de Storfinnforsen. 

 

 

4.2 IDENTIFIED DEFICIENCIES 

 

Rock. Investigations on the rock foundation has been done several times 

with various extent. The year 2012:s investigations where made with focus on 

assessing the rock mass quality. But the investigations lacks in information on 

whereabouts of joints which is an important parameter when assessing the rock 

foundations potential impact on sliding stability. 

As a part of the planned installation of pore pressure devices there will be a 

more extensive investigation of the rock foundation. These investigations will aim 

towards getting more knowledge of the joints and fracture distribution and 

orientation by using BIPS-logging (Borehole Image Processing System). 

The available data of the rock mass quality shows that there are major 

deviations in rock mass quality primarily under monolith 22 and 24. Sections of 

minor deviations in rock mass quality is found under monoliths 2-11, 18-26, 40-

50, 53-57 and 63. 

Stability. The latest edition of the stability calculations are presented in a 

report by Bond et al [5]. According to the report principally all monoliths pass the 
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limits for overturning and sliding stability. For monolith 44 to 46 the safety factors 

are slightly less than the limit. 

Concrete. The mapping of the cracking in the monoliths is mainly 

equivalent in most of the compartments. The sections subjected to repairs with 

shotcrete on the downstream side of the frontal slab have been noted to be 

between monoliths 37-47.   

Leakage. In a report [6] the leakage of the frontal slabs was assessed and 

classified in 2008-2009. Monoliths with heavy leakage and tendencies to degrade 

the concrete were monoliths 37-48. Less heavy leakage is occurring in monoliths 

2, 49-67, 70 and 72-73. 

 

 

4.3 RISK ASSESSMENT 

 

The risk based approach is used for optimization of where the most effort 

on monitoring should be put and in Figure 6 the results are presented with 

colours according to Figure 4 As can be seen the monoliths in and adjacent to 

the bottom outlet (no. 42-46) have a high priority. A generally higher level is 

connected to the highest monoliths (no. 37-50 and no. 53-54). 

Fig. 6 

Risk assessment for monoliths in Storfinnforsen 

Analyse de risque pour les plots du barrage de Storfinnforsen. 

 

 

Power intake 

Spillways 

Bottom outlets 
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4.4 ACCESS FOR VISUAL INSPECTION 

 

The need for randomly chosen close up inspections of the concrete surface 

are deemed restricted to the in depth inspections and the in depth safety 

evaluations. It is, however, not economically or practically reasonable to create 

access paths everywhere for close up visual inspections. Highest accessibility 

should be made in the highest classified monoliths where previous repairs where 

done. It is therefore recommended that different levels of inspection platforms be 

installed between monoliths 29-54 see figure 7. 

 

 

Fig. 7 

Access for visual inspection in highest monoliths in Storfinnforsen 

Moyens d’accès pour l’observation visuelle des plus hauts plots du barrage de 

Storfinnforsen. 

 

 

4.5 FINAL MONITORING LEVEL 

 

To summarize the suggested level of monitoring the identified, potentially 

weak points/risks for the Storfinnforsen dam the level for each type of monolith is 

presented in Table 3 below. 

 

 

 

 

New access stairs 

New platform 

Existing platform / gangway 

New access stairs 



Q.99 – R. 

Table 3 

Final monitoring level for the Storfinnforsen dam 

Niveaux de surveillance finaux pour le barrage de Storfinnforsen. 

 

 

 

 

Fig. 8 

Final monitoring level for Storfinnforsen 

Niveaux de surveillance finaux pour le barrage de Storfinnforsen. 

 

Weak points/risk
Type of 

measurement
Extensive Medium Basic

Increased uplift Piezometers Every monolith Every monolith Every monolith

Internal/global stability 

problems 

Direct pendulums

Inverted pendulum

Monolith 42 & 46

Monolith 42 & 46

- -

Failure / movement in 

bedrock 
Extensometers - Every third monolith -

Loss of anchors Load cells Every monolith Every monolith Every monolith

Joint movement
3D width 

measurement
Every monolith

Every second 

monolith
-

Weirs
In monolith no. 39, 

46
- -

Crack width Every monolith
Every second 

monolith
-

Temperature Every monolith Every monolith Every monolith

Monitoring level

Leaching / degradation 

Structural behaviour

Verify chlimate

Medium Medium 

Medium Medium 

Basic 

Basic 
Extensive 
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5. CONCLUDING REMARKS 

 

 

The optimized and prioritized monitoring of the long dams in Storfinnforsen 

and Ramsele has been developed by applying the recommendations in ICOLD 

bulletins [1] & [2]. Further development has been conducted with a risk-based 

approach taking into consideration the prerequisites as deficiencies and 

consequences for each monolith. Numerical simulations have also been an 

efficient tool to further select where to best monitor the behaviour of the dam. 
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