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Summary 
Concrete buttress dams are relatively light structures and less demanding 
on foundations; because of that, they may have problems with uplift 
forces and horizontal joints in the area of the dam´s foundation may 
present a failure mode through sliding. The Storfinnforsen dam, the 
largest concrete dam in Sweden, had its foundation studied recently and 
the discovery of sub-horizontal joints in the bedrock led to the necessity 
of having the safety of the dam foundation to sliding assessed.  
The safety is dependent on the pore pressure, which can vary through 
time. The implementation of an alarm system to monitor and assess the 
values of the pore pressure is necessary to improve the dam´s operation. 
In this thesis, a new system on how to define alarm limits for measured 
pore pressures is suggested. 
The proposed alarm system will monitor the pore pressure of the joint, 
calculate the safety factor against sliding, compare it to the alarm limits of 
the system (adopted from RIDAS) and present countermeasures to the 
problem.  
The analysis and implementation of the alarm system on monolith 42 of 
Storfinnforsen showed that it does not comply with the Swedish 
guidelines with respect to sliding stability, but the measured pore 
pressures are low enough to allow the creation of an alarm system that 
will monitor the pore pressure continuously. Furthermore, the 
characteristics of the local geology exclude any quick development of pore 
pressure allowing countermeasures to be applied. 
However, further research on the definition of alarm limits for this kind 
of problem is needed. 
Keywords: Buttress dams, dam foundation, pore pressure, alarm 
system, alarm limits, sliding in the rock mass, uplift pressure, 
piezometers.
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Sammanfattning 
Lamelldammar av betong är relativt lätta konstruktioner med mindre 
påkänningar på grunden jämfört med konventionella 
gravitationsdammar. Till följd av detta är de också känsliga för upptryck. 
I kombination med förekomsten av sub-horisontella sprickplan i 
berggrunden kan detta utgöra en risk för glidning. Vid Storfinnforsens 
betongdamm, vilken är Sveriges största lamelldamm, har undersökningar 
av berggrunden genomförts. I samband med dessa undersökningar 
identifierades sub-horisontella sprickplan i berggrunden och 
monoliternas glidstabilitet har därför analyserats med avseende på 
glidning. Dränage har även borrats och portrycksmätare installerats för 
att övervaka portrycket i berggrunden.  
Portrycket, och därmed dammens säkerhet mot glidning, kan emellertid 
variera över tid. Det är därför nödvändigt att utveckla och implementera 
ett alarmsystem för att övervaka portrycket och säkerställa dammens 
säkerhet. I följande examensarbete har ett nytt system utvecklats för att 
definiera alarmgränser för uppmätta portryck. I det föreslagna 
alarmsystemet övervakas portrycket över sprickplanen, säkerhetsfaktorn 
mot glidning beräknas och jämförs mot gränser baserade på acceptabla 
säkerhetsfaktorer från RIDAS. Om uppmätta portryck överstiger 
alarmgränserna implementeras fördefinierade åtgärder.  
I detta arbete implementerades alarmsystemet på monolit 42 i 
Storfinnforsens lamelldamm. Resultaten från en inledande 
stabilitetsanalys visade att säkerhetsfaktorn mot glidning inte uppfyller 
ställda krav enligt RIDAS riktlinjer. De uppmätta portrycken är 
emellertid tillräckligt låga för att möjliggöra användningen av ett 
alarmsystem som övervakar portrycken kontinuerligt och därmed 
säkerställer att säkerheten mot glidning uppfylls. Om portrycken skulle 
överstigas ges förslag på möjliga åtgärder som kan genomföras för att 
sänka portrycken. Vidare indikerar de lokala geologiska förhållandena att 
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snabba höjningar av portrycken till följd av exempelvis urspolning av 
fyllnadsmaterial från sprickplan är osannolika, vilket möjliggör 
implementering av de fördefinierade åtgärderna om portrycket skulle 
stiga. Vidare forskning rekommenderas emellertid på hur snabbt 
portrycken kan stiga till följd av olika scenarier såsom nedbrytning av 
injekteringsridåer.  
 
Nyckelord: Lamelldammar, dammgrundläggning, portryck, alarm 
system, alarmgränser, , glidning i bergmassan, upptryck, portrycksmätare 
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1. Introduction 

1.1. History and background information 

During the years between 1940 and 1970, Sweden experienced the 
construction of many dams for hydropower [1]. When the construction 
period was put down in 1970 during the Olof Palme government 
(deciding not to continue with the projects in the Vindeälven), the power 
plants were responsible for more than 80% of the Swedish energy 
production [2] and [3]. Still representing 45% of the electric production 
in Sweden, these dams need to receive proper maintenance and have 
their safety properly assessed. Many of these constructions are already 
over 50 years old. 

Several of the constructed dams are of a type called buttress dam [4]. 
Buttress dams are composed of a watertight wall supported by a buttress 
at intervals. This kind of dam (also called hollow or alleviated gravity 
dam) can be both composed of a single structure or of multiple single 
monoliths, which are to resist the water forces individually [5] and [6]. 
The advantage of buttress dams is that they are lighter than classic gravity 
dams and are, therefore, less demanding on the ground quality. Their 
reduced weight make them, however, more sensible to the effects of 
uplift. Leading to the effect addressed in this thesis. 

The Storfinnforsen dam, Figure 1, is the largest concrete dam in 
Sweden. The construction works started 1948 and completed in 1954, 
with just over 40 m in its highest part. It is a buttress dam composed of 
81 monoliths of 8 m width. The highest monoliths lie in the old riverbed 
directly founded on rock [9]. Recent maintenance reports have pointed to 
the necessity of assessing the stability of the rock mass and the structure 
to sliding [8]. There was no original study of the ground conditions there, 
and it is recommended to verify how the uplift pressure of the water in 
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the joint affects the dam`s stability [22]. A technical report of the rock 
mass properties underneath the dam has showed that some monoliths lie 
on a rock bed with significant sub-horizontal joints [8]. The uplift 
pressure in these joints (called pore pressure) from the stored water can 
cause a rock block (and the monolith above it) to slide, causing the failure 
of the structure. It is reasonable to assume that these joints need both 
monitoring and the definition of a level of safe or acceptable pressures. In 
addition to that, countermeasures for unsafe scenarios need to be defined 
for when the acceptable pressure could be exceeded. 

The analytical verification of the system monolith-rock mass produces 
results that helps the engineer team to decide which level of pore pressure 
that is safe. Based on the analysed safety factor against sliding for the 
monolith, an alarm system for the levels of pore pressure can be created. 
An alarm system is the set of actions and measures to monitor, assess and 
inform the dam operator about any bad developments. The marks used to 
assess the monitored values are called alarm limit, and the alarm levels 
are the degree of alarm reached (safe, exceptionally safe, unsafe). 

When considering an intervention (such as the setting of an alarm 
system) in a large structure, it is considered common practice to search 
for relevant literature and case examples about the matter. However, in 
the case of defining alarm limits for the pore pressure in the foundation, 
few to none information was found. The ICOLD bulletins concerning 
instrumentation [10], [11] and [12] do make considerations about the 
surveillance of a dam. They, however, are clear stating that monitoring a 
dam with predefined alert levels is not the same process as setting an 
alarm system.  

An important case [13] is the failure of the Morris-Shepard dam in the 
USA; the dam failed, was fixed and is back to operation, but nothing 
about an alarm system is mentioned on the reports about the case. 
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Figure 1: Aerial view of Storfinnforsen dam [14]. 
 

1.2. Aim and scopes 

The main aim of this thesis is to propose an alarm system to warn the 
dam operator about the risk of sliding failure in the rock mass regarding 
the variation of the pore pressure in the rock mass. This requires the 
analysis of the sliding safety of the system involving rock mass and the 
monoliths in the Storfinnforsen dam. The following research questions 
will be answered within the scope of this thesis: 

• How should the alarm levels be defined based on available 
information? 

• Which are the available countermeasures for when the alarm 
levels are reached and for which time frame are they valid? 

1.3. Disposition 

This thesis is composed of seven chapters and each of them has its 
content listed below. 
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1. Introduction. In this chapter, there is some brief introduction 
about the Storfinnforsen dam.  The scope and aim of the thesis 
are presented.  

2. Literature review. This chapter presents the theoretical 
background relevant to the calculations of the dam stability 
along with the normative background for the creation of an 
alarm system. 

3. Method. In this chapter, a flowchart and a small description of 
the main steps to reach the desired result in this thesis are 
defined. 

4. Alarm system. In this chapter a conceptual model of an alarm 
system will be presented and explained. Furthermore, possible 
scenarios and countermeasures will be discussed. 

5. Case study: Storfinnforsen. This chapter presents 
information on Storfinnforsen, relevant data and a description 
of its current state. It also displays the data used and the 
application of the alarm system to this case. 

6. Results. This chapter presents the obtained results from the 
stability calculation and most suitable parameters alongside. A 
proposal of risk management (with respect to the alarm system) 
routine is also presented. 

7. Discussion and Further research. In this chapter a 
qualitative discussion on the validity and meaning of the 
obtained results is presented in addition to comments on further 
research in this area.  

8. Conclusion. This chapter presents a summary of the thesis 
and the knowledge gained during the process. 

1.4. Limitations 

This thesis is limited to the Storfinnforsen dam and its conditions. It is a 
case study and the obtained results cannot be extrapolated to other 
structures without careful analysis. The loads are taken from the normal 
load case category (RIDAS) and are used to analyse the chosen monolith 
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only with respect to sliding. The created alarm system can only detect 
problems regarding sliding of the rock mass and is not suitable for a 
general assessment of the stability of the dam.
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2. Literature review 

This literature study will be done with respect to the scope of the thesis. 
There are important aspects of buttress dams which will not be 
mentioned in the coming chapter (like the structural capacity of the 
monoliths themselves and the stability of the dam against overturning) 
because they do not contribute to the definition or the solution of the 
presented problem. However, the author is aware that the analysis of a 
buttress dam as a whole comprehends a scope much larger than the scope 
handled here. 

2.1. Buttress dams 

Buttress dams consist of a watertight slab, supported by a roughly 
triangular buttress, as seen in Figure 2. They are generally modular 
structures where each of the modules – called monoliths – is structurally 
independent and transfers the loads from the stored water through the 
individual buttress to the footing [15]. The necessary downforce is 
generated by the weight of the monolith and by the inclination of the flat 
slab, the weight of the water ´´on`` the dam increases its downforce on 
the foundation [15]. As the monoliths are independent, there is no 
transfer of loads between two monoliths. However, the joints between 
monoliths need to be properly sealed to keep water loss to a minimum. 
The load from the buttress to the foundation is transferred through 
superficial contact forces (compression and friction) with the foundation. 
Regarding its behavior, this kind of dam is seen in many countries as a 
kind of gravity dam since it evolved from it and its stability is given by its 
weight force on the foundation. 

The main advantages of buttress dams is that through their geometry, 
most of the uplift between the dam and the rock mass is eliminated and 
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over 50% of the concrete mass (when compared with the full gravity dam 
profile) is saved. However, because of its more sophisticated structural 
behavior, the monolith needs to be properly defined in terms of geometry, 
lateral bracing of the buttress, reinforcement, type of relation between the 
flat slab and the buttress among others in order to present a thoroughly 
assessment of it [5]. Since the monolith resists the load independently, 
each monolith must be founded competently [5].  

The history of the dam also plays an important role, because of its 
constructive characteristics (formwork, concrete use, labor force), 
buttress dams were particularly economic viable in the middle of the 20th 
century [5]. Therefore, these old dams (projected in the fifties) may not 
comply with the standards of modern guidelines. When analyzing the 
stability of the monolith (or the dam as a whole) to both sliding and 
overturning, the modern guidelines need to be applied and if the dam 
doesn’t have its behavior fully understood, new studies about the 
foundation and the rock parameters need to be done [9]. 

 
  

 

 

Figure 2: Schematic drawing of a generic concrete buttress dam with the reservoir behind it. 
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2.2. Loads 

The Swedish guidelines for dam safety, RIDAS, specifies, for concrete 
dams, which loads and how they should be considered. The specified 
loads are the own weight of the structure, the hydrostatic pressure of the 
water on the slab, the ice pressure, the uplift forces and earth pressures in 
the dam. When useful to clarify the information in the subchapters, some 
comments to other construction guidelines, such as the American 
(USACE) and Austrian (ÖStBK), and their point of view to the loads will 
also be done. 

2.2.1. Own weight 

The weight of reinforced concrete in new dams is 23 kN/m3 and it should 
be applied to all volume of the monolith in order to define its weigh. In 
the case of older dams, samples can be taken to define the actual weight 
of the concrete [16]. This is recommended since it is common that 
concrete of older dams lies considerably below the mentioned value [18]. 
The weight of aggregates such as guard-rails can be taken into account, 
but it should not be forgotten that they can be disassembled and taken 
away [16]. The stiffness relation between the buttress and the flat slab in 
the monolith is also important, since the buttress is so much stiffer than 
the slab, and the slab is well attached to the buttress. According to the 
handbook from FERC [15], the weight is transferred to the foundation 
solely through the buttress. The weight of the monolith can be calculated 
through equation (1). 

Where, 
𝑊𝑊 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑜𝑜𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤𝑡𝑡ℎ. (𝑘𝑘𝑘𝑘) 

𝛾𝛾 = 𝑡𝑡ℎ𝑒𝑒 𝑢𝑢𝑚𝑚𝑤𝑤𝑡𝑡 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑚𝑚𝑒𝑒𝑎𝑎 𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐𝑎𝑎𝑒𝑒𝑡𝑡𝑒𝑒 �𝑘𝑘𝑘𝑘 𝑚𝑚3� � 

𝑉𝑉 = 𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤ℎ𝑜𝑜𝑚𝑚𝑒𝑒 𝑚𝑚𝑜𝑜𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤𝑡𝑡ℎ (𝑚𝑚3) 

2.2.2. Water 

𝑊𝑊 = 𝛾𝛾 ∗ 𝑉𝑉 (1) 
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The water pressure on the dam (both up- and downstream) is caused by 
the hydrostatic effect of the water against the dam. In order to define the 
water pressure on the structure correctly, the normal level of operation 
should be defined as should the possible levels (due to flood situations) of 
water around the dam [16]. If treating a spillway, the dynamic pressures 
of water should also be taken into account [15]. The Swedish guidelines 
does not, however, present a suggestion for the weight of the water. The 
American FERC handbook suggests a unitary weight of 10 kN/m3 for 
water, while the Austrian guideline uses the more exact value of 9,81 
kN/m3 [17], [18]. 

The hydrostatic pressure depends only on the height of the water 
column and acts always normal to the surface facing the water. For this 
reason, the pressure acting on the inclined part of the slab needs to be 
decomposed to its vertical and horizontal components. 

The horizontal component of the pressure integral on the monolith is 
given by equation (2). 

Where, 
𝐹𝐹𝑤𝑤 = 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑢𝑢𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 ℎ𝑜𝑜𝑎𝑎𝑤𝑤𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡𝑎𝑎𝑚𝑚 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 (𝑘𝑘𝑘𝑘) 

𝛾𝛾 = 𝑡𝑡ℎ𝑒𝑒 𝑢𝑢𝑚𝑚𝑤𝑤𝑡𝑡 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 �𝑘𝑘𝑘𝑘 𝑚𝑚3� � 

ℎ = 𝑡𝑡ℎ𝑒𝑒 ℎ𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 𝑐𝑐𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑚𝑚 (𝑚𝑚) 
𝐵𝐵 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑎𝑎𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑜𝑜𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤𝑡𝑡ℎ (𝑚𝑚) 

 
The vertical component of the pressure integral on the monolith is 

given by equation (3). 

Where, 
𝐹𝐹𝑤𝑤𝑤𝑤 = 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑢𝑢𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑒𝑒𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐𝑎𝑎𝑚𝑚 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 (𝑘𝑘𝑘𝑘) 

𝛾𝛾 = 𝑡𝑡ℎ𝑒𝑒 𝑢𝑢𝑚𝑚𝑤𝑤𝑡𝑡 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 �𝑘𝑘𝑘𝑘 𝑚𝑚3� � 

𝛼𝛼 = 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑤𝑤𝑚𝑚𝑐𝑐𝑚𝑚𝑤𝑤𝑚𝑚𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑎𝑎𝑠𝑠 
𝐵𝐵 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑎𝑎𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑜𝑜𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤𝑡𝑡ℎ (𝑚𝑚) 

𝐹𝐹𝑤𝑤ℎ =
𝛾𝛾 ∗ 𝐵𝐵 ∗ ℎ2

2
 (2) 

𝐹𝐹𝑤𝑤𝑤𝑤 =
𝐵𝐵 ∗ 𝛾𝛾

2 ∗ tan𝛼𝛼
�ℎ𝑓𝑓2 − ℎ𝑖𝑖2� (3) 
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ℎ𝑓𝑓 = 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑒𝑒𝑑𝑑𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 𝑐𝑐𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑚𝑚 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑚𝑚𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑎𝑎𝑠𝑠 (𝑚𝑚) 
ℎ𝑖𝑖 = 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑒𝑒𝑑𝑑𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 𝑐𝑐𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑚𝑚 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑒𝑒𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑎𝑎𝑠𝑠 (𝑚𝑚) 
 
The distributed water pressure on the dam is shown in Figure 3. 

Notice that no water level is considered downstream of the dam, due to 
the local geography. 

 
 

Figure 3: Distribution of hydrostatic pressure along the slab of a buttress dam [33]. 
 

2.2.3. Ice 

Horizontal loads from ice on the dam are dependent on the geographical 
location of the dam (the Swedish guidelines specifies 3 different zones) 
and on local conditions, such as a dam geometry which favors ice 
pressure or wind. Anywhere north of a line between Stockholm and 



LIETERATURE REVIEW| 11 

 

Karlstad will have a pressure of 200 kN/m applied to the structure at the 
normal water level. In the rest of Sweden south of this line the load is 
100kN/m, which exception of the southernmost low lying provinces 
(Blekinge, Skåne, Halland, Västergötland and Bohuslän) [16]. It is 
assumed that the resultant of the ice load acts at one third of the 
thickness of the ice [16]. Notice that, according to FERC, if the dam slab 
were inclined to the top, the inclination would reduce the effect of ice on 
the structure [5]. The effect of ice on the dam is simply given by the sum 
of the pressure over the length of the monolith. 

Where, 
𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑐𝑐𝑒𝑒 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑜𝑜𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤𝑡𝑡ℎ (𝑘𝑘𝑘𝑘) 

𝐵𝐵 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑎𝑎𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑜𝑜𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤𝑡𝑡ℎ (𝑚𝑚) 
𝑞𝑞 = 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 𝑚𝑚𝑜𝑜𝑎𝑎𝑎𝑎 𝑎𝑎𝑢𝑢𝑒𝑒 𝑡𝑡𝑜𝑜 𝑤𝑤𝑐𝑐𝑒𝑒 𝑜𝑜𝑜𝑜𝑎𝑎𝑚𝑚𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 (𝑘𝑘𝑘𝑘/𝑚𝑚) 

 

2.2.4. Uplift 

Uplift is the effect of water on any submerged object. Archimedes already 
defined that an upward force with equal intensity to the weight of the 
displaced volume of water will act on a submerged object. The same effect 
can happen in dams, the continuous water column in the joints bellow the 
monolith will apply a force upwards, reducing the apparent weight of the 
structure. It will happen both in the interface monolith-bedrock and in 
the joints inside the bedrock and can contribute decisively to the failure 
mechanism of the dam [17]. Once the downforce of the monolith provides 
its stability against sliding, any reduction in the downforce, caused by the 
uplift, may substantially affect the safety factor of the dam. It is 
considered that the uplift acts on the whole joint. Since the uplift forces 
are caused by the pore pressure of water in the joints, it is necessary to 
understand the mechanisms of pore pressure in potential sliding planes. 

For the uplift forces to fully act on the monolith, the foundation joints 
must be completely filled with water. Both RIDAS [16], FERC [17] and 

𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐵𝐵 ∗ 𝑞𝑞 (4) 
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ÖStBK [18] consider the uplift to act in a linear distribution under the 
dam, with its pressure varying from the water head upstream to the water 
head downstream, when there is no draining system. Independent of the 
drainage, the mentioned considerations present the probable scenario 
when the monolith is close to failure. Even if they might not be the 
normal operation situation of the dam. This is why the monolith will be 
analysed with the maximal reasonable uplift acting on it [17]. 

The work of Diego Alcalá presents the calculation of the uplift taking 
the flow of the water into account and the associated head [19], although 
the derivation of the equations is very reasonable, all of the studied 
guidelines fail to mention any profile of uplift different than the 
mentioned profiles caused simply by hydrostatical pressure. 

In the case of uplift between the monolith and the bedrock, the uplift 
is given by Figure 4. It is reduced in comparison to a gravity dam by the 
fact that there will be no influence of the upstream water level on the 
uplift force in the buttress [16], since the small width of the buttress will 
not allow high pressures to build up beneath it. Notice that the gross of 
the uplift force is regulated by the water level on the downstream side of 
the dam. 

In the case of uplift in the rock joints, there are two model proposed to 
treat the case. The first model considers the cross-section like a gravity 
dam with a filter drained by a gallery higher than ground level, see Figure 
5a. This is reasonable when the rock block is defined as impermeable and, 
together with the monolith on top of it, behaves like a massive block and 
the drains are installed to the surface of the rock. The second model 
considers the cross-section like a gravity dam with a filter drained by a 
gallery on ground level, see Figure 5b. This is reasonable when the rock 
block is defined as impermeable and is drained by a gallery inside the 
bedrock.  

The pore pressure is caused by the hydraulic connection of the stored 
water with the water in the rock joints. For this reason, in the simplest 
case, the considered distribution is a triangular distribution from the heel 
to the toe of the dam. However, the real distribution of the pressure 
depends on the geometry of the dam, the presence of drains, grout 
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curtains or other measures to alter (reduce) the pressure. The installation 
of a grout curtain should not be considered in the stability analysis but is 
considered as an extra safety of the dam [16, 17]. 

 
 

 

Figure 4: Distribution of uplift pressure in the concrete-rock interface of a buttress dam [16]. 
 

The installation of drains is one method to reduce the uplift effect in the 
joint. The drains effectiveness and function must be periodically checked 
by the dam owner, and it must be guaranteed during the lifetime of the 
dam [16, 17, 18]. The drains will reduce the pore pressure, and therefore 
the uplift profile, to the profiles presented in Figure 5. The reduction can 
be done according to equation (5) [16]. 

Where, 
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 = 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑜𝑜𝑎𝑎𝑒𝑒 𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑢𝑢𝑎𝑎𝑒𝑒 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 (𝑘𝑘𝑃𝑃𝑎𝑎) 

𝐻𝐻 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 (𝑘𝑘𝑃𝑃𝑎𝑎) 
ℎ = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑡𝑡𝑜𝑜𝑒𝑒 (𝑘𝑘𝑃𝑃𝑎𝑎) 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 = k ∗ (H − h) + ℎ (5) 
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𝑘𝑘 =  0,5 𝑜𝑜𝑜𝑜𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚𝑠𝑠 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑢𝑢𝑎𝑎𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑎𝑎𝑚𝑚𝑎𝑎 0,3 𝑜𝑜𝑜𝑜𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚𝑠𝑠 𝑡𝑡𝑜𝑜 𝑎𝑎 𝑤𝑤𝑎𝑎𝑚𝑚𝑚𝑚𝑒𝑒𝑎𝑎𝑔𝑔 
 
 

 

Figure 5: Distributions of the uplift force in the interface concrete-rock of a concrete gravity 
dam. (a) This scheme can be used to define the uplift in a rock joint in the dam 
foundation rock when the drains are installed from the surface. (b) This scheme 
can be used to define the uplift in a rock joint in the dam foundation when the 
drains are installed from a gallery in the bedrock. [16]. 

 
FERC [17], describes the following equation for calculation of the pore 

pressure at the drain. 
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Where, 
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 = 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑜𝑜𝑎𝑎𝑒𝑒 𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑢𝑢𝑎𝑎𝑒𝑒 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 (𝑘𝑘𝑃𝑃𝑎𝑎) 

𝐻𝐻 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 (𝑘𝑘𝑃𝑃𝑎𝑎) 
ℎ = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑡𝑡𝑜𝑜𝑒𝑒 (𝑘𝑘𝑃𝑃𝑎𝑎) 

𝐸𝐸 = 𝑒𝑒𝑜𝑜𝑜𝑜𝑒𝑒𝑐𝑐𝑡𝑡𝑤𝑤𝑣𝑣𝑚𝑚𝑒𝑒𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 
𝐿𝐿 = 𝑚𝑚𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑠𝑠𝑎𝑎𝑠𝑠𝑒𝑒 (𝑜𝑜𝑎𝑎𝑜𝑜𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡𝑜𝑜𝑒𝑒) (𝑚𝑚) 

𝑎𝑎 = 𝑎𝑎𝑤𝑤𝑠𝑠𝑡𝑡𝑎𝑎𝑚𝑚𝑐𝑐𝑒𝑒 𝑜𝑜𝑎𝑎𝑜𝑜𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 (𝑚𝑚) 
𝑐𝑐 = 𝑚𝑚𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑘𝑘 𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 (𝑚𝑚) 

 
ÖStBK [18] suggests the following approach to calculate the pressure 

at the drains. 

Where, 
𝑃𝑃2 = 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑜𝑜𝑎𝑎𝑒𝑒 𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑢𝑢𝑎𝑎𝑒𝑒 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 𝑤𝑤𝑜𝑜 𝑡𝑡ℎ𝑒𝑒𝑎𝑎𝑒𝑒 𝑤𝑤𝑎𝑎𝑠𝑠 𝑚𝑚𝑜𝑜𝑚𝑚𝑒𝑒 (𝑘𝑘𝑃𝑃𝑎𝑎) 
𝐽𝐽 = 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑤𝑤𝑠𝑠𝑡𝑡𝑎𝑎𝑚𝑚𝑐𝑐𝑒𝑒 𝑜𝑜𝑎𝑎𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑜𝑜𝑑𝑑 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚𝑒𝑒𝑎𝑎 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 (𝑚𝑚) 

𝜆𝜆 = 𝑒𝑒𝑜𝑜𝑜𝑜𝑒𝑒𝑐𝑐𝑡𝑡𝑤𝑤𝑣𝑣𝑚𝑚𝑒𝑒𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 

𝛾𝛾 = 𝑡𝑡ℎ𝑒𝑒 𝑢𝑢𝑚𝑚𝑤𝑤𝑡𝑡 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 �𝑘𝑘𝑘𝑘 𝑚𝑚3� � 

Combining both equations and rearranging, the following equation is 
obtained: 

Where, 
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 = 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑜𝑜𝑎𝑎𝑒𝑒 𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑢𝑢𝑎𝑎𝑒𝑒 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 (𝑘𝑘𝑃𝑃𝑎𝑎) 

𝐻𝐻 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 (𝑘𝑘𝑃𝑃𝑎𝑎) 
ℎ = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑎𝑎𝑡𝑡𝑒𝑒𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑡𝑡𝑜𝑜𝑒𝑒 (𝑘𝑘𝑃𝑃𝑎𝑎) 

𝐿𝐿 = 𝑚𝑚𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑚𝑚 𝑠𝑠𝑎𝑎𝑠𝑠𝑒𝑒 (𝑜𝑜𝑎𝑎𝑜𝑜𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡𝑜𝑜𝑒𝑒) (𝑚𝑚) 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 =
(𝐻𝐻 − ℎ) ∗ (1 − 𝐸𝐸) ∗ (𝐿𝐿 − 𝑎𝑎)

(𝐿𝐿 − 𝑐𝑐)
+ ℎ (6) 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 = 𝑃𝑃2 − 𝜆𝜆(𝑃𝑃2 − 𝐽𝐽 ∗ 𝛾𝛾) (7) 

𝑃𝑃2 = 𝐻𝐻 −
(𝐻𝐻 − ℎ) ∗ 𝑎𝑎

𝐿𝐿
 (8) 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 = �𝐻𝐻 −
(𝐻𝐻 − ℎ) ∗ 𝑎𝑎

𝐿𝐿
� ∗ (1 − 𝜆𝜆) + 𝜆𝜆 ∗ 𝐽𝐽 ∗ 𝛾𝛾 (9) 
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𝑎𝑎 = 𝑎𝑎𝑤𝑤𝑠𝑠𝑡𝑡𝑎𝑎𝑚𝑚𝑐𝑐𝑒𝑒 𝑜𝑜𝑎𝑎𝑜𝑜𝑚𝑚 ℎ𝑒𝑒𝑒𝑒𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚 (𝑚𝑚) 
 
The ÖStBK procedure calculates the pressure at the drain from the 

heel of the dam, while FERC calculates the pressure from the toe of the 
dam. The equations are not fundamentally different since they take into 
account the same factors and calculate the pressure at the drains in the 
same way. However, the Austrian guidelines takes into account the water 
column in the drains, which makes them more inefficient the deeper the 
drained layer is located; and it also allows the reduction of the length of 
the dam base by 10%. Furthermore, it allows the use of high effectiveness 
values for the drains if local measurements allow it [18], without making 
any comments on the geometry of the drains (like distance or depth). The 
FERC guidelines do not allow the use of drain effectiveness as high as the 
ÖStBK and also specifies the geometrical condition of the drains [19], 
which are virtually the same as the requirements specified by RIDAS. 

RIDAS has a more straight forward approach, the distribution of the 
uplift is conservative, with the pressure at the drain being simply the 
average of the pressure at the heel and toe of the dam. It acknowledges, 
however, how important it is to guarantee the proper function of the 
drains and to fully understand the behavior of the bedrock [16]. One 
possibility to check the effectiveness of the drain is to monitor the pore 
pressure downstream of the drainages. However, this is not trivial, since 
local conditions, such as the jointing of the rock or the roughness of the 
joints, can cause the pore pressure to vary, and it can be difficult to obtain 
useful information from the piezometer readings [16]. Therefore, the 
need to have boreholes to study the disposition of the rock joints and 
their characteristics gains valuable information with respect to these 
aspects. 

RIDAS lists the requirements for proper operation of the drains: 
• They should have at least half the depth of the water column 

in the reservoir. 
• They should have a distance of 1,5-3,0 m between them. 
• They should have a diameter of 75-100 mm. 
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2.2.5. Tendons 

Tendons can be installed to improve the performance of the structure. If 
monoliths have suffered severe cracking or the normal force in the 
foundation is not enough, the installation of tendons can be an aid to 
improve the safety of a monolith [9]. They can be installed at different 
angles (Figure 6) to the structure and allow the transfer of load through 
the cracks to be verifiable. In some cases, where the buttresses are more 
damaged (when there are also cracks close to the toe tip of the dam, for 
example) the stability of the structure can be considerably impaired. 
Therefore, horizontal tendons can also installed in their bases [22]. 
Tendons guarantee the safety of the dam at least in the short to medium 
term. The structural benefit of the tendons is only available if the tension 
in the tendons is maintained, for this reason, the tendons should be 
monitored to ensure that they keep their working load. 
 
 

 

Figure 6: Example of installed tendons in a monolith [22]. Notice that the tendons go 
through the whole monolith, being long enough to anchor fully in the bedrock. 
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The tendons provide the following advantage against rock bolts, they 
apply a force actively in the structure and differently of the bolts, and they 
have full action in the structure without the need of any initial 
displacements [23]. The forces acting on the monolith are obtained by 
decomposing the tendons forces into vertical and horizontal forces using 
the angle of inclination of the tendons. 

Where, 
𝑇𝑇𝑤𝑤 = 𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑒𝑒𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐𝑎𝑎𝑚𝑚 𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝑜𝑜𝑚𝑚𝑒𝑒𝑚𝑚𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑒𝑒𝑚𝑚𝑎𝑎𝑜𝑜𝑚𝑚 (𝑘𝑘𝑘𝑘) 

𝑇𝑇ℎ = 𝑡𝑡ℎ𝑒𝑒 ℎ𝑜𝑜𝑎𝑎𝑤𝑤𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡𝑎𝑎𝑚𝑚 𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝑜𝑜𝑚𝑚𝑒𝑒𝑚𝑚𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑒𝑒𝑚𝑚𝑎𝑎𝑜𝑜𝑚𝑚 (𝑘𝑘𝑘𝑘) 
𝛼𝛼 = 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑤𝑤𝑚𝑚𝑐𝑐𝑚𝑚𝑤𝑤𝑚𝑚𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑒𝑒𝑚𝑚𝑎𝑎𝑜𝑜𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 ℎ𝑜𝑜𝑎𝑎𝑤𝑤𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡𝑎𝑎𝑚𝑚 

𝐹𝐹𝑡𝑡𝑖𝑖𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 = 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑤𝑤𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑒𝑒𝑚𝑚𝑎𝑎𝑜𝑜𝑚𝑚 (𝑘𝑘𝑘𝑘) 

2.3. Rock Parameters 

The bedrock is a complex natural construction, it can be both 
heterogeneous and anisotropic. To better understand its behavior it is 
recommended to have a geological model of the area and set up a 
mechanical model of it [20]. The full geology of the area – genesis, 
geography, physical properties, presence of water, joints and mechanical 
properties – should be studied. The mechanical model of the bedrock will 
be responsible for presenting the behavior of the rock mass when 
studying possible failure scenarios [20]. The parameters used in this 
thesis are related to the rock (density and compressive strength) and its 
structure (orientation of joints and friction angle). However, because of 
the uncertainties associated with these parameters, it is recommendable 
to use conservative values in the design. There should exist 
instrumentation to guarantee that the behavior of the bedrock – like the 
uplift reduction – is occurring as expected during all time, also during 
extreme events like floods and extreme winters. 

𝑇𝑇𝑤𝑤 = 𝐹𝐹𝑡𝑡𝑖𝑖𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 ∗ sin𝛼𝛼 (10) 

𝑇𝑇ℎ = 𝐹𝐹𝑡𝑡𝑖𝑖𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 ∗ cos𝛼𝛼 (11) 
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2.3.1. Weight 

The weight of the rock is calculated analogous to the weight of the 
monolith. It is however not intuitive to determine the volume of the rock 
block between the joint and the surface. The surface of the rock is 
assumed to be flat or very close to that, but the surface of the joint is well 
defined by the depth of the joint at each corner of the studied block as in 
Figure 7. The surface obtained is called hyperbolic paraboloid, it is one of 
the simplest mathematical surfaces, and is always defined by a line in the 
directions of its sides. The equation of the surface is presented in 
equation (12). The equation for a volume of a rectangular and orthogonal 
block with one of the sides being a hyperbolic paraboloid is presented in 
equation (13). 

This can be simplified, because of the properties of the surface to: 

Where, 
ℎ1−4 = 𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑒𝑒𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐𝑎𝑎𝑚𝑚 ℎ𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑒𝑒𝑎𝑎𝑐𝑐ℎ 𝑐𝑐𝑜𝑜𝑎𝑎𝑚𝑚𝑒𝑒𝑎𝑎 (1 − 4) (𝑚𝑚) 

𝑚𝑚 = 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑜𝑜𝑐𝑐𝑘𝑘 (𝑚𝑚) 
𝑠𝑠 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑎𝑎𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑜𝑜𝑐𝑐𝑘𝑘 (𝑚𝑚) 

𝑉𝑉 = 𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑜𝑜𝑐𝑐𝑘𝑘 (𝑚𝑚3) 
𝛾𝛾 = 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑒𝑒𝑚𝑚𝑠𝑠𝑤𝑤𝑡𝑡𝑔𝑔 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 (𝑘𝑘𝑘𝑘/𝑚𝑚3) 
𝑃𝑃 = 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑠𝑠𝑚𝑚𝑜𝑜𝑐𝑐𝑘𝑘 (𝑘𝑘𝑘𝑘) 

 
Equation (14) uses simply the average height of the block to calculate 

the volume. Once it is defined, the weight of the block can be obtained. It 

ℎ(𝑥𝑥, 𝑔𝑔) = 𝐴𝐴𝑥𝑥 + 𝐵𝐵𝑔𝑔 + 𝐶𝐶𝑥𝑥𝑔𝑔 + 𝐷𝐷  (12) 

𝑉𝑉 = � � ℎ(𝑥𝑥, 𝑔𝑔)𝑎𝑎𝑥𝑥 𝑎𝑎𝑔𝑔
𝑙𝑙

0

𝑏𝑏

0
 (13) 

𝑉𝑉 = 𝑠𝑠 ∗ 𝑚𝑚 ∗
ℎ1 + ℎ2 + ℎ3 + ℎ4

4
 (14) 

𝑃𝑃 = 𝑉𝑉 ∗ 𝛾𝛾 (15) 
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is a good assumption that the rock is homogenous when applying the 
density. 

 
 

 

Figure 7: Assumed form of the rock block. It´s geometry is defined by its top and the heights 
of its corners. Notice the brown face is not flat. 

 

2.3.2. Compressive strength 

When working with rock mass, there are two different aspects on its 
resistance. The intact rock will have a certain resistance (it can be seen as 
isotropic material), which is the resistance measured by a sample with no 
joints or other defects when subjected to a triaxial test [31]. This value is 
normally high, and is comparable with or higher than the resistance of 
concrete. However, the rock mass may have joints or present schistosity. 
This leads to the loss of resistance in some directions (anisotropy) and to 
a behavior where the rock mass will have a smaller global compressive 
strength than the intact sample [31]. The set of joints influence the 
strength depending on the angle of the joints. Therefore, the joints should 
be studied to provide a better understanding of the global compressive 
strength of the bedrock. 

2.3.3. Joints orientation 
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The foundation of a gravity dam (any dam where the loads are transferred 
vertically, or by friction, to the ground) plays a major role bearing the 
loads from the stored water. The capacity of the dam to resist load is 
given by, among other factors, the friction between dam and bedrock and 
in bedrock joints. If weak planes (rock joints) occur in the rock (Figure 9), 
the stability of the dam will be limited by their shear capacity [5]. Another 
important point is that rock joints do not have the same physical 
properties along their length, leading not only to different frictions along 
the joint, but primarily to different deformations necessary to achieve the 
maximal resistance. This can lead to progressive failures and larger 
deformations [5]. Therefore, the joint in question is characterized by a 
friction angle that responds for the behavior of the whole joint [8]. 

When the behavior of a rock mass is being studied, it is important to 
have knowledge about the characteristics of the joints [38]. Consulting 
engineers can perform field investigation in order to define the existence 
of joints, their orientation and characteristics. If boreholes show the 
existence of sub-horizontal joints bellow some monoliths, these joints 
need to be assessed. Therefore, it is fundamental to have information 
about the geometry of the joint – orientation, persistence and the relative 
location of the joint [8].  

• The orientation is normally characterized by dip and dip 
direction of the rock joint (figure 8). The more horizontal the 
joint is, the more it may contribute to a sliding failure mode of 
the rock block with the monolith on it.  

• The persistence is simply the length of the joint. In order to 
constitute a valid failure plane of the structure the joint must 
extend under the whole monolith. Since the shear resistance 
of the rock mass itself, a short joint, just a few meters long, 
will not propose any danger to the monolith. 

• The relative location of the joint is in this case simply the 
depth of the analyzed joint relative to the monolith bottom. 
Since the shear resistance of a joint depends on the normal 
stress on it, and since the deeper the joint the higher the 
vertical stress on it due to the weight of the overlying material 
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[8], the depth of a joint is important when assessing its 
tendency to slide. 

 
Since the closer to the surface the more critical the sliding of the block 

is (the shallow the joint the lower the normal force acting on it), the most 
critical joint, in a presented generic case, will be the one flattest and 
closest to the surface. 

 
 

 

Figure 8: Example of a rock joint with its characteristic features [26]. 
 
 

 

Figure 9: Example of rock joints in the rock below the dam. Notice the different possible 
orientations. 
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2.3.4. Friction angle and shear resistance 

It is a general understanding of the guidelines for dam safety that the 
shear resistance of the joints in the foundation needs to be defined 
through experimental work [16], [20]. The joints were characterized in a 
report assessing the joints with a proposed method [41]. In this method, 
the joints are assessed taking into account the contribution of the 
macroscopic and microscopic aspects of the joint. The residual friction 
angle will be added to the roughness component of the joint surface [8]. It 
is not recommended in the Swedish guidelines to take any possible 
residual cohesion of the joint, the joint resistance is given only by friction 
[5]. The total friction angle of the joint according to the method proposed 
by Barton and Choubey [41] is given by (16) as: 

Where, 
𝜙𝜙𝑑𝑑 = 𝑎𝑎𝑒𝑒𝑠𝑠𝑤𝑤𝑎𝑎𝑢𝑢𝑎𝑎𝑚𝑚 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 

𝐽𝐽𝐶𝐶𝐽𝐽 = 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑎𝑎𝑜𝑜𝑢𝑢𝑤𝑤ℎ𝑚𝑚𝑒𝑒𝑠𝑠𝑠𝑠 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 
𝐽𝐽𝐶𝐶𝐽𝐽 = 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑤𝑤𝑎𝑎𝑚𝑚𝑚𝑚 𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝑒𝑒 𝑠𝑠𝑡𝑡𝑎𝑎𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 

 
The JCR are obtained in the laboratory by tilt tests or comparing the 

roughness profile with predefined profiles suggested by Barton and 
Choubey [8, 41]. The JCS can be estimated with the Schmidt rebound 
hammer by performing tests on the joint surface. This values need to be 
corrected with regard to the scale of the joint [8]. The following equations 
have been suggested to define the effect of scale in the coefficients [8]. 

Where, 
𝐽𝐽𝐽𝐽𝐶𝐶0 = 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑎𝑎𝑜𝑜𝑢𝑢𝑤𝑤ℎ𝑚𝑚𝑒𝑒𝑠𝑠𝑠𝑠 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚𝑚𝑚 𝑐𝑐𝑜𝑜𝑎𝑎𝑒𝑒 

𝐽𝐽𝐶𝐶𝐽𝐽0 = 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑤𝑤𝑎𝑎𝑚𝑚𝑚𝑚 𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝑒𝑒 𝑠𝑠𝑡𝑡𝑎𝑎𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑤𝑤𝑚𝑚𝑚𝑚 𝑐𝑐𝑜𝑜𝑎𝑎𝑒𝑒 

Φ = 𝜙𝜙𝑑𝑑 + 𝐽𝐽𝐶𝐶𝐽𝐽 ∗ log
𝐽𝐽𝐶𝐶𝐽𝐽
𝜎𝜎′𝑁𝑁

 (16) 

𝐽𝐽𝐽𝐽𝐶𝐶𝑑𝑑 = 𝐽𝐽𝐽𝐽𝐶𝐶0 ∗ �
𝐿𝐿𝑑𝑑
𝐿𝐿0
�
−0,02𝐽𝐽𝐽𝐽𝐽𝐽0

 (17) 

𝐽𝐽𝐶𝐶𝐽𝐽𝑑𝑑 = 𝐽𝐽𝐶𝐶𝐽𝐽0 ∗ �
𝐿𝐿𝑑𝑑
𝐿𝐿0
�
−0,03𝐽𝐽𝐽𝐽𝐽𝐽0

 (18) 
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𝐿𝐿0 = 𝑚𝑚𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑎𝑎𝑚𝑚𝑑𝑑𝑚𝑚𝑒𝑒 
𝐽𝐽𝐽𝐽𝐶𝐶𝑑𝑑 = 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑎𝑎𝑜𝑜𝑢𝑢𝑤𝑤ℎ𝑚𝑚𝑒𝑒𝑠𝑠𝑠𝑠 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 𝑐𝑐𝑜𝑜𝑎𝑎𝑎𝑎𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑎𝑎 𝑜𝑜𝑜𝑜𝑎𝑎 𝑠𝑠𝑐𝑐𝑎𝑎𝑚𝑚𝑒𝑒 

𝐽𝐽𝐶𝐶𝐽𝐽𝑑𝑑 = 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑤𝑤𝑎𝑎𝑚𝑚𝑚𝑚 𝑐𝑐𝑜𝑜𝑚𝑚𝑑𝑑𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝑒𝑒 𝑠𝑠𝑡𝑡𝑎𝑎𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑐𝑐𝑜𝑜𝑎𝑎𝑎𝑎𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑎𝑎 𝑜𝑜𝑜𝑜𝑎𝑎 𝑠𝑠𝑐𝑐𝑎𝑎𝑚𝑚𝑒𝑒 
𝐿𝐿0 = 𝑚𝑚𝑒𝑒𝑚𝑚𝑤𝑤𝑡𝑡ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑠𝑠𝑚𝑚𝑜𝑜𝑐𝑐𝑘𝑘𝑠𝑠 𝑎𝑎𝑚𝑚𝑜𝑜𝑚𝑚𝑤𝑤 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑤𝑤𝑠𝑠𝑐𝑐𝑜𝑜𝑚𝑚𝑡𝑡𝑤𝑤𝑚𝑚𝑢𝑢𝑤𝑤𝑡𝑡𝑔𝑔 

2.3.5. Wedge failure 

Studying the sliding along a potential joint beneath the dam, there are 
different possibilities of failure. Figure 10 shows two different possible 
failures for sliding. It is reasonable to study the failure mechanism with 
the lowest safety (that is, the one with the highest probability of 
occurrence). Therefore, it is necessary to study the resistance of a 
theoretical wedge in the front of the sliding block. 

The phenomenon of an existing rock wedge failure has been previously 
described in the rock mechanics book from Wittke [31]; however, the 
specific analyses are more focused on wedge failures over tunnels and on 
rock slopes. A more suitable equation for the problem has been presented 
in the paper from Spross at al. [27]. Since it is used for reassessing the 
safety of dams regarding pore pressure measurements, the equation can 
be used without adjustments. The method for analyzing the stability of 
the wedge consists of calculating the passive resistance for the forces 
acting parallel to the sliding plane. The analysis of the rock block failure 
with the wedge on its front is done like any classical block analysis – 
checking the horizontal forces against the friction of the blocks base, 
which is given by the vertical force acting on the block – and adding a 
resisting (passive) force from the wedge. When analyzing the resistance of 
the rock wedge, the following assumptions need to be done: 

• The angle of inclination of the wedge is the worst possible, 
that is, the angle which produces the lowest safety factor. 

• The uplift forces will also act on the wedge [27], although it is 
not completely defined how they act on the block. 

• The calculated force is of resistance, passive. Passive force in 
the rock mass means the highest force the rock wedge can 
resist, this may include some small displacement before the 
maximal resisting force is reached. 
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The derived equation [27] is given by: 

Where, 
𝑃𝑃 = 𝑎𝑎𝑒𝑒𝑠𝑠𝑤𝑤𝑠𝑠𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒 
𝑉𝑉𝑃𝑃 = 𝑣𝑣𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒 (𝑚𝑚3) 

𝛾𝛾𝑑𝑑 = 𝑢𝑢𝑚𝑚𝑤𝑤𝑡𝑡 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 (𝑘𝑘𝑘𝑘 𝑚𝑚3⁄  
𝑈𝑈𝑝𝑝 = 𝑢𝑢𝑑𝑑𝑚𝑚𝑤𝑤𝑜𝑜𝑡𝑡 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑤𝑤𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑎𝑎𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒 (𝑘𝑘𝑘𝑘) 

𝜙𝜙 = 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 
𝜃𝜃 = 𝑤𝑤𝑚𝑚𝑐𝑐𝑚𝑚𝑤𝑤𝑚𝑚𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒 

 
 

 

Figure 10. (a) Represents sliding when the sub-horizontal joint meets the surface of the rock 
mass. (b) Presents the rock bock under the monolith sliding and pushing a rock 
wedge away [8]. 

 

2.4. Safety factor 

The Swedish guidelines for dam safety, RIDAS [16], uses the concept of 
deterministic values, leading to the development of a (single) global safety 
factor to measure the structure’s safety. This method consists of doing the 
calculations with the characteristic values of both loads and resistance of 
the analyzed structure. At the end, the relation between needed resistance 

𝑃𝑃 = �𝑉𝑉𝑝𝑝 ∗ 𝛾𝛾𝑑𝑑 − 𝑈𝑈𝑝𝑝� ∗ tan(𝜙𝜙 + 𝜃𝜃) (18) 
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and available resistance dictates if the structure passes the criterion or 
not. 

2.4.1. RIDAS 

In Sweden, verifications related to the foundation of the dam are done 
fully following the recommendations of the Swedish guidelines for dams. 
According to RIDAS, safety against sliding is ensured when the horizontal 
forces can be fully transferred to the ground, or put in a more simple way 
when the required friction coefficient is lower than the available friction 
coefficient. The cohesion of the ground material should not be taken into 
account when dealing with sliding problems and the verifications must be 
done in any existing joints, in the ground, between bedrock and the 
monolith and in the monolith. The requirements of the guidelines are 
considered fulfilled when the equation (19) is true. 

Where, 
𝐽𝐽𝐻𝐻 = 𝑠𝑠𝑢𝑢𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒𝑠𝑠 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑒𝑒𝑚𝑚 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑚𝑚𝑤𝑤𝑎𝑎𝑤𝑤𝑚𝑚𝑤𝑤 𝑑𝑑𝑚𝑚𝑎𝑎𝑚𝑚𝑒𝑒 

𝐽𝐽𝑉𝑉 = 𝑠𝑠𝑢𝑢𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒𝑠𝑠 𝑑𝑑𝑒𝑒𝑎𝑎𝑑𝑑𝑒𝑒𝑚𝑚𝑎𝑎𝑤𝑤𝑐𝑐𝑢𝑢𝑚𝑚𝑎𝑎𝑎𝑎 𝑡𝑡𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑚𝑚𝑤𝑤𝑎𝑎𝑤𝑤𝑚𝑚𝑤𝑤 𝑑𝑑𝑚𝑚𝑎𝑎𝑚𝑚𝑒𝑒 
𝜇𝜇 = 𝑎𝑎𝑒𝑒𝑞𝑞𝑢𝑢𝑤𝑤𝑎𝑎𝑒𝑒𝑎𝑎 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 
𝜇𝜇𝑡𝑡𝑖𝑖𝑙𝑙𝑙𝑙 = 𝑎𝑎𝑣𝑣𝑎𝑎𝑤𝑤𝑎𝑎𝑠𝑠𝑚𝑚𝑒𝑒 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 

tan 𝛿𝛿𝑔𝑔 = 𝑚𝑚𝑤𝑤𝑚𝑚𝑤𝑤𝑡𝑡 𝑣𝑣𝑎𝑎𝑚𝑚𝑢𝑢𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 𝑤𝑤𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑚𝑚𝑤𝑤𝑎𝑎𝑤𝑤𝑚𝑚𝑤𝑤 𝑠𝑠𝑢𝑢𝑎𝑎𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 

𝑠𝑠𝑔𝑔 = 𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒𝑡𝑡𝑔𝑔 𝑜𝑜𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑎𝑎 𝑤𝑤𝑤𝑤𝑣𝑣𝑒𝑒𝑚𝑚 𝑠𝑠𝑔𝑔 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑜𝑜𝑎𝑎𝑒𝑒 

 
When close to failure, both friction coefficients have the same value, 

and the expression can be reorganized. It is useful to isolate the friction 
angle safety factor, it can be used to analyze the actual safety factor of the 
structure (the monolith, for example), the equation is then rearranged to 
the presented form (20). 

𝜇𝜇 =
𝐽𝐽𝐻𝐻
𝐽𝐽𝑉𝑉

≤ 𝜇𝜇𝑡𝑡𝑖𝑖𝑙𝑙𝑙𝑙 =
tan 𝛿𝛿𝑔𝑔
𝑠𝑠𝑔𝑔

 (19) 

𝑠𝑠𝑔𝑔 =
𝐽𝐽𝑉𝑉 tan 𝛿𝛿𝑔𝑔

𝐽𝐽𝐻𝐻
 

(20
) 
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RIDAS recommends a minimal safety factor of 1,35 for sliding stability 
on rock for normal load cases. Other guidelines and handbooks normally 
suggest a minimal safety factor of 1,5. But since they may originate from 
different assumptions (uplift for example) the final results are not directly 
comparable. 

2.4.2. Other guidelines 

Most of the European countries also use the concept of a global safety 
factor [20], the Austrian guidelines is one example [18], while FERC [17] 
is another one. All verifications regarding the different failure modes of 
the dam are done this way. Since this thesis is focusing on the sliding 
along rock joints in the foundation, the aspects of the safety factor 
regarding sliding will be focused upon. Equation (21) presents how the 
safety factor is calculated according to the Austrian guidelines. 

Where, 
𝑇𝑇 = 𝑡𝑡ℎ𝑒𝑒 ℎ𝑜𝑜𝑎𝑎𝑤𝑤𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡𝑎𝑎𝑚𝑚 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑎𝑎𝑜𝑜𝑠𝑠𝑠𝑠 − 𝑠𝑠𝑒𝑒𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 
𝑘𝑘′ = 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑜𝑜𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑎𝑎𝑜𝑜𝑠𝑠𝑠𝑠 − 𝑠𝑠𝑒𝑒𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 

𝐽𝐽𝐹𝐹 = 𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒𝑡𝑡𝑔𝑔 𝑜𝑜𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑎𝑎 
tan (𝜙𝜙)𝑘𝑘 = 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑡𝑡𝑒𝑒𝑎𝑎𝑤𝑤𝑠𝑠𝑡𝑡𝑤𝑤𝑐𝑐 𝑣𝑣𝑎𝑎𝑚𝑚𝑢𝑢𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑐𝑐𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑤𝑤𝑐𝑐𝑤𝑤𝑒𝑒𝑚𝑚𝑡𝑡 

 
The required safety factor for both ÖStBK and FERC is 1,5. FERC 

accepts that the safety factor may be lower if there is a program of 
measures that support it. This includes adequate investigation on site 
(when obtaining material and strength parameters), installation of 
instrumentation to assess the uplift assumptions and other conditions 
defined in the analysis of the stability, proper observation of 
instrumentation and maintenance and approval by the national dam 
safety organ [5]. 

2.5. Alarm system 

𝐽𝐽𝐹𝐹 =
𝑘𝑘′ ∗ tan𝜙𝜙𝑘𝑘

𝑇𝑇
 (21) 
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The development of an alarm system is based on having limits well 
stablished (that is when the alarm will ring). However, there is no 
information available in literature about stablishing limits in the case of 
dam alarms. The ICOLD bulletin 118 [10] comes close to establish a 
functional alert system, where the dam operator will receive an automatic 
alert if any reading from the dam monitoring shows a value outside of the 
predefined limits. It makes clear, however, that the alert system is no 
alarm system, since if fails to suggest a countermeasure and to predict the 
possible consequences of the alert. The FERC handbook on dam 
monitoring also states how important it is to have dam surveillance, but 
fails to describe how to properly establish limits – called threshold 
parameters in the text [32]. Furthermore, there is no literature found on 
setting limits of the alarm. In other words, it is well explained [11] how to 
operate a monitoring system (which can also apply for an alarm), but 
there is no literature on how to set the limits of an alarm for dams neither 
on how to create a routine with possible countermeasures for future 
developments. 

When defining an alarm system, different general aspects need to be 
dealt with. First, there is a model to characterize the hazards in common 
hazards (like a fire in a house) and very uncommon hazards (such as a 
fire in a nuclear power plant) [28]. This model of characterization needs 
to be adapted to the sliding problem presented in this thesis. Second, the 
proposed alarm system will not present a binary situation (uplift or no 
uplift), but an analysis of which levels of the situation (uplift) are allowed.  

Third, the human aspect of the alarm is of great importance. If the fire 
alarm rings, one person can decide not to leave the house, for multiple 
reasons [28]; however, the dam administrator is legally obliged to always 
keep the structure safe. For this reason there is a reduced risk of the 
technical team of the dam ignoring the alarm when comparing with the 
operation of an alarm for the general population. This creates the 
situation where the technical team managing the dam will give an alarm 
to the maintenance or operational team but the alarm is not designed to 
reach the lay population living in the area. This is acceptable because the 
alarm created is not focused on the failure of the dam but keeping its 
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safety level, and furthermore, the local population is small and can be 
warned in extreme cases. 

When defining the alarm limits for the alarm system, there are three 
types of decisions to be made [28]. 

• Technical. This mean the choice of the phenomenon 
monitored, which parameters will be observed and how this 
will be done. 

• Strategic. This is the choice of which parameters (signals) will 
be analyzed and what kind of responses are expected. 

• Tactical. The decision of the pool of responses decided 
previously for each specific circumstance. 

These aspects will be the base for defining an alarm limit (or 
threshold). Last, two kind of errors are considered [28]. The famous cry-
wolf effect – when the alarm is not taken seriously anymore, for ringing 
falsely too often – is of significantly less concern. It affects more the lay 
population and its willingness to obey an alarm [17], since workers are 
trained at the dam, they are considerably less prone to disregard an alarm 
threshold being overpassed, they are however not immune to the effect. 
This must be kept in sight when the thresholds of the alarm are set; they 
can be set in a level to avoid too many false alarms. The opposite effect is 
also possible, when the threshold is so high, that the system fails to alert 
when a real problem starts to happen. 

When defining an alarm system for a dam. Several assumptions need 
to be done to define which parameters are considered most important 
and how they will be treated during the life-time of a dam. ICOLD 
provides different bulletins and guides about monitoring of dams, and is 
particularly incisive when stablishing clearly the bases of dam 
surveillance [10, 11, 12]. There is, however, a difference between the 
monitoring of a dam and an alarm system. Monitoring (or surveillance) is 
basic work and has been done in all dams in Sweden (and in other 
developed nations) as a way to check the structural and operational 
situation of any particular structure. It consists of four steps [12]: 

• Why: objective of surveillance. 
• What: object of surveillance. 
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• How: the method of surveillance. 
• Scrutiny: questioning if the surveillance is actually doing what 

is expected. 
Furthermore, the generic objective of monitoring a structure is always 

evaluating the risk (that is the probability and damage caused) it is 
proposing to society [12]. 

The setting of an alarm system goes further than the surveillance, 
because it interacts with the structure. While surveillance or monitoring 
just reflect the current state of a dam (it is only a report about the 
structure), the alarm system has actually predefined solutions and a list of 
countermeasures for the engineers (it automatically will offer predefined 
actions depending on the kind of problem). 

2.6. Historical failure 

There are two different – and complementary – views on failure of dams. 
The first one is when the system is no longer capable of holding the stored 
water and an uncontrolled release of water happens, the dam fails. This 
can happen independently of any structural failure, for example when 
floodgates malfunction and cannot be closed.  The second one is when the 
structure or its foundations is compromised beyond the point of trust. In 
this case, the dam is also considered failed. It might even still be free from 
any major leakage, but when it is no longer possible to consider the ability 
of the dam to resist loads, the structure has failed [29]. 

In seven out of twelve studied failures of dams, foundation problems 
were responsible alone for the failure [29]. It is clear how significant the 
rock mass foundation is for the dam stability. 

The Morris Sheppard Dam (Figure 11) is located in Fort Worth, USA. 
It has many characteristics in common with Storfinnforsen. It is a 
massive buttress dam composed of 40 monoliths with a total length of 
835 m and a maximal height of 57 m; finished in 1941. However, the dam 
design took little consideration on the uplift loads.  

In 1986 it was discovered that some of the spillway monoliths had slid 
over 11 cm downstream, configuring the failure of the structure [29]. The 
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dam administrator had luck, however, that the breach was not 
catastrophic and the rate of water loss was kept within the ranges of a 
normal discharge. The cause for the sliding problem of the dam was 
extremely similar to the example treaded in this thesis. The monolith 
itself had very low uplift forces due to its naturally smart geometry; 
however, in the bedrock beneath the dam was a layer of shale with sub-
horizontal joints, where one of the joints provided a sliding plane. The 
absence of drains allowed the pore pressure in the joints to increase 
without control, causing quite high uplift pressures in the joint. The uplift 
reduced the effect of friction in the joint (to control sliding) and the 
monolith with the rock beneath it failed. 

After failure, the calculated safety factor of the dam was 0,38 [29]. To 
rescue the dam, the first measure was to lower the reservoir 5 m to 
decrease the water pressure and allow the repair works to start. The 
measures chosen ware to increase the weight of the dam with crushed 
rock, install anchors linking the unstable shale layer to the bedrock and 
install a series of drains (diameter of 15 cm) every 4 m. Since some of the 
drains presented a flow of over 1,7 m3/min extra drains (diameter of 30 
cm) were added in a total of 147 draining wells. This brought the safety 
factor back to 1,5. Later modifications, such as adding ballast on the dam, 
increased the safety factor to 1,75. The whole work of saving the dam took 
less than 3 years. The problem was observed in December 1986 and the 
repair works were finished in 1990. 

It is important mentioning that although the saving of the dam was 
indeed a textbook work, no alarm or monitoring of the dam is mentioned 
[13]. This leads to the conclusion that: 

• First, there is no record of when the dam actually failed. It 
could have been the day before the engineers inspected the 
dam, but it could also have been years before. 

• Second, the works done were solely to solve the problem and 
to prevent it from happening again. According to the author’s 
opinion of this thesis, it would have been better for the author 
of the thesis to see that the problem is being monitored and 
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that alarm limits have been set to prevent dangerous 
situations, but that was not the case. 

In short, there is no information that would lead to the belief that an 
alarm limit was set. Furthermore, according to the available information, 
installment of piezometers and extensometers are mentioned only 
months after the detection of the problem [39]. Therefore, even if the 
dam operator wanted to have used an alarm set to detect the approaching 
of the failure, it would be impossible, because no values of the dam were 
being monitored to that time. 
 
 

 

Figure 11: The Morris Sheppard dam [30]. 
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3. Methodology 

This thesis is working in two different steps. First, a generic and ideal 
alarm system is developed. Secondly, a case study of a monolith at 
Storfinnforsen buttress dam is performed; and the proposed alarm 
system is applied to this example. The proposed generic alarm is designed 
to identify and warm the dam operator for the increase of a parameter 
marked as important for the sliding safety of the dam’s foundation. Its 
intention is to make it possible for the dam administrator to identify poor 
behavior of the measured parameter from natural changes due to normal 
variation and plan reactions in time. 

In the case of Storfinnforsen, the alarm will monitor the increase of 
pore pressure in the rock mass which contains sub-horizontal joints 
which increases the risk of having a sliding failure. The alarm will provide 
help for the owner to analyze which measures and when they need to be 
initiated. In the thesis, the monolith regarded as more prone to sliding 
will be studied and the results obtained will be compared with the 
guidelines in RIDAS, which includes an evaluation of the actual safety 
factor. In this chapter a simple flowchart of the process and a short 
description of it will be presented. 

3.1. Flowchart 

A simple explanation of the development of this thesis can be seen in the 
following flowchart in Figure 12. It presents the basic path gone through 
to get to the intended target. The work starts first with the aim of setting 
an alarm system. It begins with understanding the function the alarm will 
need to perform. Its function will be to warn the dam´s administrator of 
damage to the structure caused by any tendencies in the observed 
parameter and helping him to estimate the time he has to plan and 
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execute action to oppose that before it is too late. Then, the failure mode 
will be defined; this is decisive to actually define what is being monitored. 
Once the failure mode has been decided, the stability of the failure mode 
can be studied. This involves being clear enough in the analysis (to get a 
meaningful result) and to situate the calculated safety factor in 
comparison with the values recommended in the guidelines. Finally, the 
core of the alarm system will be decided. The variation of the status of the 
dam in relation to the monitored parameter means the sensitivity of the 
structure, and therefore, from the alarm. Besides that, general parameters 
also need to be regarded to ensure that the sensitivity analysis is stable. 
The two main parameters are: 

• Time, it describes the length of the failure period, 
differentiating between processes that take days or years. 

• Probability, it describes the chance of the phenomenon 
causing failure. Because even if the safety factor is low, if the 
probability is low enough, the low safety factor can be 
considered acceptable. 

The last step when creating an alarm system is to test it.  It will be 
deemed suitable or unsuitable by passing the four basic questions stated 
by the ICOLD in 2009 [12]. The questions are: 

• Why is the alarm being used? Why was monitoring necessary 
in this case? 

• What is being surveilled for the performance of the alarm? 
• How is the alarm surveillance being performed? 

• Is the surveillance useful? 
If the alarm system and the conjugated surveillance answer clearly the 

proposed questions, the alarm is considered reasonable and should be 
applied.  

The other branch of the flowchart treats the application of the alarm 
system in reality. It starts with the definition of the scope of the alarm. In 
the case of this thesis, the warning system (through alarm levels) will be 
applied to the Storfinnforsen dam. The problem defined is the aspect of 
the dam which will be analyzed, and in this case, the failure (influenced 
by the pore pressure) through sliding in a joint inside the bedrock of the 
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dam. The alarm will be used to warn the administrator of the risk of 
sliding failure in the dam’s foundation.  

The choice is to review only the most critical monolith, which is 
monolith 42, the highest in the dam. The monitored parameter will be the 
pore pressure in the rock joint. The final step before obtaining a working 
alarm system for monolith 42 is to assess the sensibility of the monolith 
to the variation of the pore pressure, and to define the countermeasures 
that suit the structure. Finally a suggestion for an alarm system will be 
presented. It will be assessed according to the questions presented before. 

 
 

 

Figure 12: Flow chart of the thesis. The right part presents the conceptual model while the 
left part of the flowchart presents the case study of Storfinnforsen. 
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4. Alarm system 

4.1. Introduction 

It is fundamental to have in mind which failure mode that will be covered 
by the alarm system, since it cannot work with all failure modes at the 
same time. The proposed alarm system will work with the sliding of the 
bedrock underneath the dam due to excess uplift forces. The system starts 
with a monitoring system, the aim is to constantly know the value of some 
parameter of the dam. The ICOLD bulletin 138 [12] proposes a very 
simple script for monitoring: 

• Why: The objective of the action. In this case it is to verify the 
safety of the structure against sliding in the rock foundation. 

• What: The object being monitored. The paper by Spross et al. 
[27] shows that the uplift force in a joint increases the risk of 
sliding. The increase of the uplift forces causes the safety 
factor (against sliding) to fall. Therefore, the object of 
surveillance are the uplift forces in the joint. 

• How: It is stablished that the pore pressure [11] is, in this kind 
of bedrock, the main cause of uplift forces. Therefore, 
monitoring the pore pressure with piezometers is a good 
measure to control the uplift and the sliding. 

• Scrutiny: Checking if the surveillance is actually doing what 
the engineer expects. In this case, the safety of the dam to 
sliding in the bedrock is the target, monitoring the 
piezometers is the path to it. 

Once monitoring is defined, the data needs to be interpreted and 
processed, this will be done with a software. The main values to structure 
the alarm system are named alarm limits. They are the marks used with 
which the measured values are compared and evaluated. This chapter will 
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propose a set of alarm limits. In order to have a functional alarm system 
according to the ICOLD bulletin 138 [12], the operator will also need to be 
informed about the nature of the problem and possible future 
developments. 

4.2. Proposal of a generic alarm 

The alarm system will work by monitoring the pore pressures under the 
dam with piezometers connected to a computer. The alarm consists of 
checking if the pore pressures are acceptable; this is done by using the 
measured pore pressure to calculate an uplift force in the rock joint under 
the dam. This uplift force is used to calculate the current safety factor of 
the dam. The sequence of warnings and alarms will be triggered when the 
calculated safety factor is lower than the warning (or alarm) value. The 
initial rate of evolution of the safety factor will be used to indicate the 
trend of change of the parameter and to extrapolate the status line to the 
final limit, giving an indication of the available lead time for 
countermeasures.  

The alarm system is composed of plotting the observed safety factor 
over time. The three dashed blue lines in Figure 13 represent the limits of 
the alarm. They are defined following the Swedish guidelines RIDAS [16]. 
The first line represents the safety factor of normal loading (SF=1,35). 
The second line is the limit for exceptional (in this case temporary) 
loading (SF=1,10), while the lowest line represents simply the end of scale 
for an alarm, bellow this line there is no safety and imminent failure is 
possible (SF=1). 

The 3 points represent the alarm levels, the orange point is the first 
warning, letting the operator know that the status of the dam started to 
deteriorate. It is the first possible opportunity to detect a problem. The 
red point is the main alarm being triggered, after this point, the safety 
factor of the dam is only larger than the factor for exceptional loading, 
and the cause of the problem should start to be fixed. The last alarm is the 
purple point, bellow this point the risk of failure starts growing fast, until 
the final threshold is passed and the failure is imminent. 
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There are 3 time zones defined in Figure 13 they can be explained as 
following: 

• The first zone, impossible to be quantified, is when the safety 
factor already started deteriorating but no warning has been 
triggered. This defines the sensitivity of the alarm, a too 
sensitive alarm might detect the seasonal variations as a real 
problem. 

• The second zone. In this area, the existence of a problem has 
already been detected. But the main alarm has not been 
triggered yet. It is the buffer the operator has between the 
detection of a problem and the problem starting to cause any 
kind of impairment to the structure or to its acceptable safety. 

• The third zone is the period between the main alarm and the 
final alarm. The safety factor is degrading during this time, 
but it is still acceptable as extraordinary. 

 
 

 
Figure 13: Complete alarm system. 

 



ALARM SYSTEM| 39 

 

4.3. Countermeasures 

When planning the execution of a countermeasure, the evolution of the 
problem helps understand not only the origin of the problem but also to 
set a reasonable time frame for the maintenance works, this means that 
the countermeasures will be successful if they can be implemented faster 
than the speed of evolution of the pore pressure until a critical safety level 
is reached. This is also the criterion for the success of the alarm system. 
For dams founded on rock, it is assumed that the evolution of the 
problem in principle may occur at three different speeds.  

• It is considered a slow evolution when the measured pore 
pressure in the piezometers evolve slowly. This may be due to 
the natural degradation and clogging of the filters (scenario 3 
in Figure 14). 

• Medium evolution happens when the measured pore pressure 
in the piezometers evolve quicker than expected from clogging 
but still in a predictable pace. This might e.g. happen due to 
the degradation of the grout curtain (scenario 2 in Figure 14). 

• When the measured pore pressure in the piezometer evolves 
so fast, it is not possible to predict its future behavior. This 
might e.g. happen when the infillings of joints are washed 
away by the water flow. Their likelihood depends on the 
characteristics of the rock mass. If they are considered 
unlikely to happen, they don´t need to be regarded in the 
alarm system (scenario 1 in Figure 14). 

The relevant scenario (based on the probability of occurrence) for the 
studied dam will give the necessary countermeasures due to available 
lead time compared to time for countermeasures. Possible 
countermeasures could e.g. be installing rock anchors, repair the existing 
grout curtain and/or drill new drainage holes. 
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Figure 14: Example of three different temporal evolutions of the pore pressure and their 
corresponding safety factor.
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5. Case Study – Storfinnforsen 

In the case of Storfinnforsen – henceforth called SFF – the preferential 
failure mechanism is the sliding of the mentioned rock block against a 
rock wedge as in Figure 10b. Furthermore, the studied joint does not 
meet the surface, making the first kind of failure (Figure 10a) unlikely in 
reality. For the scope of this thesis, the two dimensional calculations 
produce good results, with similar values as those obtained with 
numerical analyses. In this case, the alarm characterization is applied to 
the sliding of a joint under monolith 42 in SFF. 

5.1. Detailed resume of the dam 

The SFF dam was built between the years of 1948 and 1954 [22]. It is 800 
m long, being composed of 81 monoliths, each 8 m long [33]. They have a 
basic triangular design which is used for all of them; the monoliths vary, 
however, in height depending on their position in the dam [33]. The 
highest monolith (monolith 42, which is 40 m high) is chosen to be 
analyzed. The monoliths are independent structural elements that resist 
the acting forces by transferring the loads through friction to the dam 
foundation – they were not designed to transfer load between them. This 
is possible because SFF is founded on hard granitic rock [22]. The dam is 
particularly slender, its elements have small dimensions, the buttresses 
are 2 m wide and the resisting slab varies between 2,7 m and 1,2 m in 
thickness. The concrete structure is only stable through steel 
reinforcement. Monolith 42 is presented in the Figures 15 and 17. 

When planning SFF, little to no studies were done to investigate the 
composition of the bedrock on which the dam was going to be built [22]; 
in that time there was also less knowledge about the effects fractured rock 
could have in the stability of a dam [7]. In order to cut costs, not the 
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whole rock mass was excavated, but only the rock immediately under the 
buttresses and the slabs. The excavations are at least 2 m deep. This leads 
to the following: 

• Although no register of studies was done and there is not 
much information about the foundation, it is clear that the 
engineers knew that the deeper they excavated the better the 
rock quality got, since at least 2 m of rock were excavated 
before carrying out the monoliths foundation. 

• This excavation might have increased the resistance to sliding 
of the monoliths, if the excavation went (at least partially) 
through sub-horizontal joints. In this thesis – where the 
monolith is rather sitting on the bedrock – the mentioned fact 
is not taken into account because there is not much 
information about the ´´as built`` project of the foundation 
either. 

In the original project the concrete structure was fully exposed to the 
weather conditions. This caused severe cracking of the monoliths [9] to 
an extent that the structural stability of the dam was compromised. In 
1992 the first studies on pathologies and countermeasures in the 
structure started [21]. This led to the installation of a vertical insulation 
wall aligned in the middle of the buttress. The wall was insufficient, the 
effect of large temperature differentials kept happening and, because of 
the wall, the visual inspection of many parts of the dam turned out almost 
impossible to be done. In 2007 [22], a series of studies about the state of 
SFF started. The whole dam was reviewed, the stability of the monoliths 
was checked, they were reinforced with post stressed tendons, a new 
insulation wall was properly designed and all cracks responsible for water 
leaking where grouted [37]. 

In course of all measures to put the dam into a good state again, 
attention was drawn to the fact that the bedrock under the dam should be 
studied more thoroughly. In different studies during the years of 2008 to 
2015. These studies were focused on different aspects of the rock mass [8, 
34 and 35]. 
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First, the physical properties of the rock were studied, the compressive 
strength and the friction angle of an intact block were defined [8, 34]. 
Second, the physical structure of the rock mass was studied. Boreholes 
were done to check the existence of jointing inside the bedrock and their 
orientation [8, 35], since an unfortunate orientation can contribute 
decisively to the stability of the rock and the monolith on top of it. An 
important value calculated is the friction angle of the joints, this value 
depends on the macro and microscopic characteristics of the joint, such 
as roughness, infillings and geometry. The information obtained allowed 
the engineers to define the joints in the dam’s foundation, and 
furthermore, define which of the joints presented the highest probability 
of sliding (present in Figure 16). Based on the risk of pore pressure (and 
its consequences) in the joints underneath the dam, it was decided to 
build drains close to the heel of SFF, to lower the pressure there and, by 
doing so, decrease risks to the structure. 

 
 

 

Figure 15: Cross-section of monolith 42. 
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In the current state, SFF is in a very good condition: 

• The structural cracks in the buttresses were fixed by installed 
tendons. 

• A new insulation wall was installed covering the whole air 
exposed dam. 

• New inspection gangways were installed at different levels. 
• The concrete of the dam and the rock mass were properly 

studied. 
• Drains and piezometers were installed to reduce and monitor 

the pore pressure inside the bedrock and reduce the uplift. 
With all listed measures the dam is in a much better condition than at 

the beginning of works, around 10 years ago. Many safety factors (such as 
sliding and overturning of the monolith) have been substantially 
increased during the implementation of these measures, and all of the 
safety factors have been improved to some extent.  

Furthermore, studies and field research have shown that the bedrock 
in the area is composed mainly of coarse granite. The rock samples 
studied present a compressive strength of 155 MPa for the intact rock 
[25]. Taking the sets of joints into account, the resistance of the bedrock 
varies between 20 and 30 MPa [9], far more than the stress caused by the 
buttress. Therefore, there is no risk of failure of the rock mass through 
excessive compressive stress. 

One area of SFF that, although improved, still needs some work is the 
stability of the rock mass under the dam. It is a known phenomenon that 
the existence of sub-horizontal joints can imply high pore pressures that 
can lead to a sliding failure along one of the joints. Although drains have 
been installed according to the Swedish guidelines, there were 
uncertainties about the pore pressure release and piezometers were 
installed to measure the real pore pressure over the rock joints. The 
piezometers can be wired to monitor the pore pressure in the sub-
horizontal joints live. In other words, they can monitor the uplift acting 
and, therefore indirectly, the safety factor against sliding. 
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In this chapter the stability of the joint with respect to sliding will be 
analyzed using both the values of acceptable safety factors in the Swedish 
guidelines and the real measured values of the pore pressure, in order to 
provide information to the application of the proposed alarm system to 
the monolith. The first step is to analyze the stability of a sub-horizontal 
rock joint to define the rock joint being studied and the forces acting on it. 
Assuming that all joints have a similar angle of friction, the deeper the 
joint, the higher safety factor against sliding the monolith has, since the 
vertical weight on it will only increase. Therefore, the shallowest of the 
detected rock joints will be the one analyzed. The chosen joint has a dip of 
9° and a direction of 164° and an average depth of 3,4 m. It was chosen 
because it is shallow and very close to the horizontal in the direction of 
the monolith. Furthermore shallower joints will be considered more 
prone to water penetration in this thesis because the percolation path 
from the reservoir bottom to the joint is most likely shorter. 

 
 

 

Figure 16: Monolith 42 with the most likely joint to provide a sliding surface. 
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Figure 17: Monolith 42 front view. 
 

5.2. Loads 

Because of the geometry of the monolith, it is not possible to analyze the 
cross-section for a unitary thickness, the monolith is not geometrically 
homogenous through its length. Much more, it is simpler and more 
practical to study the monolith taking its whole width into account. All 
the loads are calculated following the RIDAS [16] guidelines. Basic 
assumptions for the calculations are: 

• The monolith material and the foundation are considered 
homogenous. 

• The surface concrete-rock is considered flat. 

• An average stress is applied to all points in the joint face. 
• Any possible movements are rigid body movements. 
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• The rock joint surface is a hyperbolic paraboloid, this surface 
can be calculated simply through the average height of its 
corners. 

Therefore, all the loads will be defined for a width of 8 m, which is the 
width of a whole monolith. The common approach of studying a 2D 
problem with no width (only a cross-section) will not work in this case, 
because the monolith is not homogenous (it is composed of a buttress and 
slab, its cross section varies). The model must, however, move and behave 
as a rigid body; justifying the decision of working with the full monolith 
and the rock beneath it. Furthermore, the rock joint being studied has an 
inclined plane surface, meaning that a simple plane 2D analysis would 
not be satisfactory. The analysis of an 8 m wide block will present a much 
easier approach to the problem and treat the geometry of the joint more 
intuitively. 

5.2.1. Concrete weight 

The weight of the monolith is calculated disregarding any additions to the 
structure, such as the insulation wall, walkways and concrete beams, 
because these may be removed. And it is necessary to also regard these 
situations. The weight is calculated by simply defining the volume of 
reinforced concrete that constitutes the monolith and multiplying it by 
the density of the reinforced concrete. The obtained value can be seen in 
Table 1. The weight is relative to the monolith 42 of SFF. 

 

Table 1: Calculating the weight of the monolith. 
Cross-section area of the slab (m2) 88,24 

Cross-section area of the buttress (m2) 581,4 
Width of the slab (m) 8 
Width of the buttress (m) 2 
Volume of the monolith (m3) 1869 
Density of concrete (kN/m3) 23 
Weight of the monolith (MN) 43,0 
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5.2.2. Rock weight 

The weight of the rock block between the surface and the joint is also 
calculated in the same straight forward fashion as the concrete weight. It 
is considered that the bedrock under the dam is homogeneous and has a 
measured unit weight of 26 kN/m3 [24]. There should be some care, 
however, about the rock block geometry. First, the lateral surfaces of the 
block are considered flat, making the block a parallelepiped where one of 
the faces is a hyperbolic paraboloid. Second, there is no friction in the 
side faces of the rock block. Third, the distribution of stress in the sub-
horizontal joint surface is considered homogenous, even if the thickness 
of the block is not. The obtained rock weight, see Table 2, is of the block 
under monolith 42. 

 

Table2: Calculating the weight of the rock underneath the monolith. 
Average height of the rock block (m) 3,36 
Width of the rock block (m) 8 
Length of the rock block (m) 35,2 

Volume of rock(m3) 947,6 
Density (kN/m3) 26 
Weight of the rock (MN) 24,6 

5.2.3. Pressure at the drain according to RIDAS, USACE and ÖStBK 

According to the calculations and some literature examples [36], the 
knowledge about the water level (its pressure) in the bedrock founding 
the dam is substantially important. Its effect is fundamental to predict the 
safety of the dam monolith with respect to rock foundations. Different 
guidelines and regulations treat the pore pressure in different ways. The 
pore pressure acting on the whole joint area will generate an uplift force 
that helps destabilize the rock block. 

Considering that none of the researched guidelines presented a 
thoroughly study of the phenomenon, it was expected that different 
handbooks would present a different result. The Swedish RIDAS allows 
only small reductions of the full pore pressure and considers the 
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possibility that drains may clog fully and stop working. The FERC and 
ÖStBK never consider the effects of drains totally zero and present almost 
the same value for drains working with the same efficiency, with the 
difference that the ÖStBK allows a much higher efficiency than any other 
of the guidelines studied. Since the dam is in Sweden, the calculations 
and verifications will be pursued following only RIDAS, the uplift force in 
the rock joint will be given by the model proposed in Figure 5a. This is 
reasonable because the rock block is defined as impermeable and, 
together with the monolith on top of it, behaves like a massive block.  

For comparison purposes, Figure 18 displays the ranges of the pore 
pressure possible when drains are installed and the efficiency of these 
drains. As it can be seen, the Swedish approach is the more conservative 
of the three. 
 
 

 

Figure 18: Different drain efficiencies. Gray line-RIDAS, Blue line-USACE, Orange line-
ÖStBK. 

 
For the aforementioned reasons, the water pressure will be measured 
constantly through piezometers installed in the dam and also estimated 
based on the Swedish handbook (since SFF is located in Sweden). The 
calculations will be done for three different values. For the drains working 
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at full efficiency, for the drains absolutely clogged and for the actual 
measured pore pressure (through the installation of piezometers).  

Another important aspect is that the drains transport water to a higher 
position than the layer being drained as in Figure 19. The weight of the 
water inside the drains take some of their efficiency out, therefore, the 
length of the drain pipe is important. This fact needs to be taken into 
account in the cases when the pore pressure is calculated using RIDAS. 
The average depth of the rock block is 3,4 m. The chosen length of the 
drain will be 4 m (Table 3). Figure 20 displays the ranges of the pore 
pressure in the rock joint allowed by the guidelines (in blue) and the 
profile of the measured pore pressure (in orange). It is clear that the 
pressure measured by the piezometers is out of the range considered by 
RIDAS. 

 

Table 3: Depth of the drains. 
Depth of the drain (m) 3,36 
Assumed in calculations (m) 4 

 
 

 

Figure19: Drains with long pipes and piezometers between them. 
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Figure 20: Profile of measured pore pressures under monolith 42 and profile for different 
values on the drain efficiency. 

 

5.2.3.1. Total efficiency 

When working with full efficiency, the drain reduces the pore pressure to 
around 2/3 of the value acting when there is no drain. When not working, 
the drains have no effect on the pore pressure at all. The values of the 
pore pressure at the extremes of the dam can be defined as the 
hydrostatic pressure acting on them. On hand of this information, a 
profile of the pore pressure in the joint can be drawn. Integrating the 
value on the area, an uplift force can be defined. It is recommended that 
the safety factor against sliding is over the minimum of 1,35 stablished in 
the guidelines. 
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The tables below offer the necessary information about the geometry 
of the joint and the value of the pressures do define the pore pressure 
profile. This can be done for all pore pressures. When the drains are new 
or have been cleaned recently (or have gone through any other measure 
that ensures the correct function of the drains), their proper function can 
be guaranteed and the uplift profile will be the smallest possible under 
the dam (Table 4). 

 

Table 4: Uplift force acting when drains at full work. 
Crack depth at the upstream side (m) 2,38 
Crack depth at the downstream side (m) 4,35 
Water depth (m) 35,5 
Water density (kN/m3) 10 
Pore pressure at the upstream beginning of the joint (kPa)  378,8 
Pore pressure at the downstream end of the joint (kPa)  43,5 
Drain efficiency (0-1) 1 
Pore pressure at the drain (kPa) 251,1 
Width of the crack (m) 8 
Length of the crack (m) 35,2 
Distance of the filter to the hill of the dam (m) 6 
Uplift force(MN) 49,5 

5.2.3.2. Total clogged filter 

Through time, the drains might start clogging. This can happen due to 
different effects, algae can start growing in the drains or minerals can 
start depositing around the perimeter of the drain. Because of this effect, 
the drained water will start to decrease and the pressure in the joint will 
start to increase, see Table 5. Since it can be accepted that the situation of 
clogged drains is temporary and extraordinary (they will be unclogged or 
new drains will be installed) a lower safety factor can be accepted as a 
base for the alarm limit, under the condition that the high pore pressure 
will be fixed within a few months. A case of exceptional loading with a 
safety factor against sliding of 1,1 [16]. 
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Table 5: Uplift force acting when drains fully clogged. 
Crack depth at the upstream side (m) 2,38 
Crack depth at the downstream side (m) 4,35 
Water depth (m) 35,5 
Water density (kN/m3) 10 

Pore pressure at the upstream beginning of the joint (kPa)  378,8 
Pore pressure at the downstream end of the joint (kPa)  43,5 
Drain efficiency (0-1) 0 
Pore pressure at the drain (kPa) 361,6 
Width of the crack (m) 8 
Length of the crack (m) 35,2 

Distance of the filter to the hill of the dam (m) 6 
Uplift force(MN) 65,1 

5.2.3.3. Measured uplift 

It is somewhat more complicated to work with the measured values for 
the uplift. First, their value is to some extent independent of the drains 
status since the value is measured using piezometers – as a matter of fact, 
the value observed is a measure of the current situation of the drains. 
Second, a measured value can be used to have a measure of the drains 
function and to roughly assess the dam, but not to define a precise safety 
factor of the dam [27]. Because the measured value represents the current 
state and not the state of the structure at failure (as in the Swedish 
guidelines), and because the only measured value is the pore pressure and 
the safety against sliding due to uplift is also a function of other 
parameters. Therefore, the safety factor calculated using the measured 
values is less meaningful (if not deceitful) and will be used only for 
comparison purposes. Based on the measured values [19], if the 
measured pore pressure were used, the estimated efficiency of the dam 
would be more than 2,3 times the theoretical values. There is already a 
considerable amount of information about the pore pressure in the joints, 
since the year 2016 when 270 piezometers where installed in the bedrock, 
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to start monitoring the uplift in the region under the monoliths [19]. The 
value for the uplift caused by the measured pore pressure is shown in 
Table 6. 

 

Table 6: Uplift force acting when drains at full work. 
Crack depth at the upstream side (m) 2,38 
Crack depth at the downstream side (m) 4,35 
Water depth (m) 35,5 
Water density (kN/m3) 10 
Pore pressure at the upstream beginning of the joint (kPa)  378,8 
Pore pressure at the downstream end of the joint (kPa)  43,5 
Drain efficiency (theoretical) 2,32 
Measured pore pressure at the drain (kPa) 65,3 

Width of the crack (m) 8 
Length of the crack (m) 35,2 
Distance of the filter to the hill of the dam (m) 6 
Uplift force(MN) 23,4 

5.2.4. Water load 

In this thesis, the normal load case is used, taking a full reservoir into 
account. The load of the water is divided in two parts for didactical 
reasons. The horizontal loading (Table 7) is simply the water pressure 
acting on the dam’s wall; in order to calculate it, the distributed pressure 
of the water will be integrated in the area of the monoliths slab. The 
vertical load (Table 8) of the water is calculated as the weight of the water 
lying on the projection of the dam. This is the reason why the slabs of a 
buttress dam are inclined, a higher water weight will result in a higher 
friction and, therefore, in a lower risk of sliding. The slab of the dam has 
different inclinations, making necessary to calculate the total weight of 
the water in two steps. 
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Table 7: Horizontal water load at the dam. 
Water depth (m) 35,5 
Water density (kN/m3) 10 
Width of the load (m) 8 
Water load (MN) 50,41 
 

Table 8: Vertical water load. 
Vertical length of the board (m) 8,5 
Board inclination 0,947 
Water depth (m) 35,5 
Water density (kN/m3) 10 
Width of the load (m) 8 
Pressure at the beginning of the inclined lamell-pv1 (kPa) 85 
Pressure at the end of the inclined lamell-pv2 (kPa) 355 
Vertical component -pv1 (kPa) 49,7 
Vertical component -pv2 (kPa) 207,4 
Length of the inclined lamell (m) 33,3 
P (MN) 34,2 

5.2.5. Ice pressure 

Horizontal loads from ice on the dam are dependent on the geographical 
location of the dam. In the case of SFF, close to the city of Strömsund, the 
ice pressure will be 200 kN/m applied to the structure at the normal 
water level. The ice pressure is calculated by simply applying the ice load 
to the top level of the monolith (Table 9), although the ice can develop a 
thickness of 1 m at the location of the dam. Although RIDAS considers 
that the load will be applied to the top one third of the ice layer, the action 
of the ice will be the same, since only sliding (and not overturning) are 
being analyzed. The ice pressure can in reality be different from the 
guidelines, depending on factors like wind or water currents. 
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Table 9: Ice load on the monolith. 
Ice thickness (m) 1 
Acting width (m) 8 
Predicted ice pressure (kPa) 200 
Ice load (MN) 1,6 

5.3. Resistances 

This sub-chapter lists the parameters of the dam which are intrinsic to 
the site or to the construction of SFF. They are not acting on the structure 
but are much more part of the resisting mechanisms of the dam. With 
exception of the tendons, which were only installed in 2011/2012, all of 
the parameters have remained constant since the dam was constructed. 

There was originally little information about the bedrock beneath 
Storfinnforsen; however, since thoroughly repair works started around 
one decade ago, the bedrock under the dam has been carefully studied 
and many boreholes were made to determine the physical and mechanical 
properties of the rock mass, rock joints and their characteristics [9]. 
These values will also be kept during extreme events like floods and cold 
winters. 

5.3.1. Tendons 

The monoliths of Storfinnforsen have suffered severe cracking (both in 
the buttress and in the slab) due to temperature gradients between the 
upstream and downstream sides of the dam [9]. The cracking caused the 
safety of the monoliths against overturning to be impaired. For this 
reason during the years of 2011 and 2012 tendon anchors were installed 
in the monoliths from the upper part of the downstream side through the 
upstream part of the buttress and into the bedrock. They help to increase 
the apparent weight of the monolith and consequently the friction on the 
rock joint. The tendons were installed in an angle to serve the best 
purpose to the structural reinforcement of the dam. In the case of 
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monolith 42, there were 4 tendons installed, see Figure 21. The reactions 
in both directions is shown in the Table 10. In order to guarantee that the 
tendons are indeed applying the force of design (the stability of the dam 
depends on the tendons), load cells have been installed in each group of 
tendon heads. 
 

Table 10: Reactions of the tendons on the structure. 
Force at the first row of tendons (MN) 6 

Force at the second row of tendons (MN) 6 
Inclination of the first row of tendons (°) 0,78 
Inclination of the second row of tendons (°) 0,82 
Vertical force at the monolith (MN) 8,58 
Horizontal force at the monolith (MN) 8,39 

 
 

 

Figure 21: Load cell on the top of the tendons head. 
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5.3.2. Joint friction angle 

At Storfinnforsen, studies of the boreholes indicated the existence of sub-
horizontal joints bellow some monoliths [8]. To assess the safety of these 
joints, their shear strength needs to be known. It is a general 
understanding of guidelines that the shear resistance of the joints in the 
foundation needs to be defined through experimental work [16], [20]. The 
joints were characterized in a report assessing the joints according the 
method proposed by Barton and Choubey (1977). Therefore, it is 
fundamental to have information about the geometry of the joint – 
orientation, persistence and the relative location of the joint [8]. 

The studied rock joint has an average depth of 3,4 m. The friction 
angle in the rock joint is a parameter measured and estimated in previous 
report [8], it is dependent on the physical and chemical characteristics of 
the rock surface at the joint and of any fillings the joint might have. In the 
case of monolith 42 there are no infillings and the surface can be 
considered relatively rough, for this reason the chosen friction angle of 
the joint is of 36°. The author of this thesis, recommends that, if, due to 
posterior studies or conclusions, the friction angle value is changed, the 
value should be updated in all calculations and verifications including the 
limits for the alarm system. 

5.3.3. Rock wedge 

The chosen failure mode is of the bedrock under the monolith sliding 
downstream, as shown in Figure 22. As can be seen in the figure, the slide 
movement is not free, the bedrock in front of the dam offers resistance 
and, in order for the failure to happen, a rock wedge needs to be formed 
and go to failure. Since the rock wedge is exerting pressure against the 
movement of the monolith, its passive resistance needs to be defined. It is 
calculated using the equation derived in the paper by Spross et al. [27]. 

𝑃𝑃 = �𝑊𝑊𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘 − 𝑈𝑈𝑝𝑝� ∗ tan(𝜃𝜃 + ϕ)  (24) 

𝑊𝑊𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘 = 𝑉𝑉𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘 ∗ 𝛾𝛾𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘  (25) 
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Where, 
𝑃𝑃 =  𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑎𝑎𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝑒𝑒 𝑎𝑎𝑒𝑒𝑠𝑠𝑤𝑤𝑠𝑠𝑡𝑡𝑎𝑎𝑚𝑚𝑐𝑐𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒. 

𝑊𝑊𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘 =  𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒. 
𝑉𝑉𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘 =  𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑜𝑜𝑚𝑚𝑢𝑢𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒. 

𝛾𝛾𝑑𝑑𝑡𝑡𝑖𝑖𝑘𝑘 =  𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑎𝑎𝑒𝑒𝑚𝑚𝑠𝑠𝑤𝑤𝑡𝑡𝑔𝑔. 
𝑈𝑈𝑝𝑝 =  𝑡𝑡ℎ𝑒𝑒 𝑢𝑢𝑑𝑑𝑚𝑚𝑤𝑤𝑜𝑜𝑡𝑡 𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐𝑒𝑒𝑠𝑠 𝑎𝑎𝑐𝑐𝑡𝑡𝑤𝑤𝑚𝑚𝑤𝑤 𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒. 

𝜃𝜃 =  𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑚𝑚𝑐𝑐𝑚𝑚𝑤𝑤𝑚𝑚𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡 𝑎𝑎𝑒𝑒𝑜𝑜𝑤𝑤𝑚𝑚𝑤𝑤𝑚𝑚𝑤𝑤 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒. 
𝜙𝜙 =  𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡𝑠𝑠 𝑤𝑤𝑚𝑚 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠. 

 
 

 

Figure 22: Passive wedge downstream of the monolith. 
 
Last, the parameters for the resistance of the wedge need to be defined. 
The most important value to be defined is the inclination of the wedge. It 
is reasonable to consider the weakest wedge. Since there is no 
information about its angle of inclination, the worst angle is chosen. 
Notice that this angle is theoretical and in reality the wedge might have a 
different angle and, therefore, a larger resistance. 

By plotting the wedge’s passive resistance and the angle of failure 
(Figure 23), one can clearly see that an angle around 27° generates the 
lowest resistance, and that a small variation of the angle causes negligible 
change in the passive resistance. This is compatible with the equation 
from Spross et al [27], which presents the angle of inclination of the 
wedge. The showed resistance is for the geometry of the rock wedge in 
this problem, all other parameters used to estimate the rock wedges 
resistance are listed in Table 11. 
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Where, 
𝜃𝜃 =  𝑤𝑤𝑚𝑚𝑐𝑐𝑚𝑚𝑤𝑤𝑚𝑚𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤𝑒𝑒. 
𝜙𝜙 =  𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡. 

 
 

 

Figure 23: Resistance of the passive wedge depending on the edge´s angle of inclination. 
 

Table 11: Resistance of the wedge for the worst angle. 
Wedge width (m) 8 

Rock density (kN/m3) 26 
Height of the wedge (m) 4,35 
Inclination of the wedge (degrees) 27 
Wedge volume (m3) 148,55 
Wedge weight (MN) 3,86 
Uplift wedge (MN) 1,49 
Resistance force of the wedge (MN) 4,66 

𝜃𝜃 =
90 − 𝜙𝜙

2
  (26) 
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5.4. Stability calculations 

When performing the stability analysis, simple physics are used to define 
the sliding safety of the rock block with the monolith on top of it. The best 
solution is to face the problem as sliding of a block on a plane, as Figure 
24. All the forces acting on it can be differentiated to vertical and 
horizontal forces and added up. The block will start moving if the friction 
generated by the vertical force is not enough to resist the destabilizing 
horizontal forces, the safety factor will be obtained by inverting the 
equation from RIDAS [16].  

Where, 
𝐽𝐽𝐹𝐹 =  𝑠𝑠𝑔𝑔 = 𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒𝑡𝑡𝑔𝑔 𝑜𝑜𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑎𝑎. 
𝐹𝐹𝑤𝑤 =  𝑠𝑠𝑢𝑢𝑚𝑚 𝑜𝑜𝑜𝑜 𝑣𝑣𝑒𝑒𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐𝑎𝑎𝑚𝑚 𝑚𝑚𝑜𝑜𝑎𝑎𝑎𝑎𝑠𝑠. 

𝐹𝐹ℎ =  𝑠𝑠𝑢𝑢𝑚𝑚 𝑜𝑜𝑜𝑜 ℎ𝑜𝑜𝑎𝑎𝑤𝑤𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡𝑎𝑎𝑚𝑚 𝑚𝑚𝑜𝑜𝑎𝑎𝑎𝑎𝑠𝑠. 
𝜙𝜙 =  𝑜𝑜𝑎𝑎𝑤𝑤𝑐𝑐𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚 𝑎𝑎𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑜𝑜𝑐𝑐𝑘𝑘 𝑗𝑗𝑜𝑜𝑤𝑤𝑚𝑚𝑡𝑡. 

 
 

 

Figure 24: Model of a block in the imminence of sliding, model used for the monolith. 
 

5.5. Obtained safety factors 

𝐽𝐽𝐹𝐹 = 𝑠𝑠𝑔𝑔 =
𝐹𝐹𝑤𝑤 ∗ tan𝜙𝜙

𝐹𝐹𝑤𝑤
  (27) 
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Applying the safety factor equation for the three mentioned scenarios – 
drains working perfectly, drains not working and measured pore 
pressures – the safety for each case can be estimated (Tables 12, 13 and 
14). It is clear that following the Swedish guidelines, the dam does not 
comply with the requirements, having its safety factor, even in the best 
condition, below 1,35 [16]. The measured values, however, present a 
safety factor large enough (there are serious issues about the validity of 
safety factor when using measured pore pressures). There will be 
recommendations on how to deal with the obtained results since this is 
exactly the objective of having an alarm system. 

Table 12: Sum of the forces acting on the rock block, safety factor for inactive drains. 
Fv (MN) 45,3 
Fh (MN) 38,9 
φ 36 
FS 0,85 

 
Table 13: Sum of the forces acting on the rock block, safety factor for drains working fully. 

P (MN) 60,9 
F1(MN) 38,95 
φ 36 
FS 1,14 

 
Table 14: Sum of the forces acting on the rock block, safety factor for the measured pore 

pressure. 
P (MN) 87,0 

F1(MN) 38,95 

φ 36 

FS 1,62 
 

The meaning of the safety factor is to give an evaluation of how far the 
current structure – with its design actions – is from failure. The 
measured pore pressure is not a design value; therefore, it does not 
represent a safety evaluation of the structure in general. It represents only 
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the current status of the monolith with its pore pressure. While in the 
case of the RIDAS pore pressures, its relation to the failure mode is direct 
(if the safety factor of 1,1 for sliding is reached, the monolith will be very 
likely to fail due to sliding). In the case of the measured pressures, there is 
no direct relation with the failure mode, other mechanism can lead to a 
sudden increase of pore pressure and failure due to sliding or even due to 
other problem (such as overturning or structural failure of the monolith). 
When setting the alarm, this information needs to be taken into account. 
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6. Results 

Following the Swedish guidelines [16], the structure is not safe, the 
results are shown in Table 15. The recommendation is either to execute 
measures like the installation of rock anchors or to increase the weight of 
the dam to help increasing the safety factor to the minimum of 1,35 when 
the drains are fully working and 1,1 when the drains stop working. Or to 
apply an alarm system to monitor and warn the dam operator when the 
pore pressures increase too much. 

 

Table 15: Obtained safety factor for different pore pressures  
Case Pressure at drain (kPa) FS 

Measured value 65,3 1,62 

RIDAS - fully drained 251,2 1,14 

RIDAS - clogged drain 361,6 0,85 

6.1. Application of the alarm system 

The setting of an alarm system for the studied rock failure will follow the 
concept presented at chapter four. It will start with the alarm levels and 
describe each step of the analysis to propose a working alarm system. The 
safety factor is calculated using characteristic values for the pore 
pressure. However, the pore pressure used in the alarm will be measured 
by the piezometers, only indicating a current safety factor and not the 
ultimate safety factor (which is the factor using the values from RIDAS).  

Recent readings have shown very small values, these are consistent 
with the current situation of the dam (if the measured values were closer 
to the recommendations in RIDAS, it should be understood that the 
structure is closer to failure). Since the core idea of an alarm is warning 
the operator before it is too late, the chosen limits of the alarm are 1,35 
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for the first alarm, 1,1 for the final alarm and 1 for the end of scale. This 
values are chosen because they are the same used to define the limit 
safety factor for normal loading and exceptional loading in the Swedish 
guidelines. 

Considering the current state of SFF, the proposed model of the full 
alarm can be applied. Since the objective of this thesis is to deal with the 
setting of an alarm system for the current case of SFF, the proposed alarm 
will be for the mentioned situation. When the first alarm limit is passed 
the dam operator will be able to choose how much one wants to invest in 
predefined countermeasures and improve the dam’s safety. 

Regarding the possible pore pressure evolution in SFF and calculating 
the current apparent safety factor, the following can be said about the 
most probable speed of evolution is the slow speed – the other two 
evolutions are very unlikely to happen because of the local geology. The 
slow evolution of the pore pressure will most likely be observed 
throughout the whole life span of the dam, and will be caused by the 
natural degradation and clogging of the drains. The alarm will be able to 
operate in this conditions and detect when the drains need maintenance. 
The commonly expected time for a drain to clog might be around 1 decade 
[40]. The alarm will some time after the drains start clogging to be able to 
detect the loss of safety factor. 

The alarm will ring when the pore pressure reaches a level defined as 
the alarm limit – this scenario is very solid in definition and will simply 
follow the alarm limits. The first recommended step is to define the 
countermeasures that may be used to increase the safety of the joint 
against sliding, the dam operator can chose which one suits better. 

• Drains: check if they are clogged and if they can be unclogged 
by jet pressuring them. If they cannot, new drains need to be 
drilled (or the existing ones will need to be widened). This can 
be done in up to two months. 

• Grout curtain: a slow but steady increase of the pore pressure 
might indicate the degradation of the curtain. If all evidences 
point toward this direction and no other solutions are 
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available, a new curtain should be considered to be installed. 
A new grout curtain will take over a year to be installed. 

• Install anchors: if the pore pressure keeps increasing even 
when the drains are fully functional, the safety of the dam 
needs to be maintained. Installing rock anchors between the 
rock prone to sliding and the bedrock beneath it is an option. 
It can be used as substitutive or complementary action to the 
grout curtain. This can be done within months. 

In the very unlikely situation of the raise of pore pressure getting out 
of control (the measured values are high and/or the readings 
inconsistent), the dam operator can check how much water the drains are 
producing, and how much displacement do the extensometers indicate. If 
the drains and extensometers indicate a result consistent with the read 
values from the piezometers (presenting large volumes of drained water 
and large displacements), the recommended countermeasure is to lower 
the reservoir. If field observations do not confirm the piezometer 
readings, the situation is of a false alarm and the piezometers need to be 
investigated. The relation between the pore pressure and the calculated 
safety factor is linear (Figure 25), and therefore using the safety factor for 
the alarm is possible. Notice that the pore pressure measured at the drain 
when the drains are clogged gives a SF of 0,85. 
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Figure 25: Relation between measured pore pressured and calculated safety factor. Notice 
that the relation is linear. 

 
The alarm (Figure 26) displays the evolution of the apparent safety factor 
in SFF, the current situation (1,62) is well above the minimum required 
(1,35) for having the whole alarm system operative. While currently the 
measured values (piezometers) are stable, they will eventually start 
increasing. When the pore pressure increases so much that the safety 
factor is 1,35, the first alarm level is reached (red point). If nothing is 
done, the value is expected to keep worsening until the final alarm is 
reached (purple point). The orange point represents a first warning, when 
the evolution of the safety factor is first detected. Before this point, the 
status of the dam might have started decreasing but it cannot be detected. 
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Figure 26: Development of the alarm. A: Measured time between beginning of the status 
deterioration and the first alarm. B: Estimated time between the first and last 
alarms. C: The initial loss of safety to trigger the alarm, 0,1 in this case. D: The 
final evolution of the pore pressure to trigger the final alarm, in this case 0,22 . 

 
´A` is the time between the detection of the problem and the first alarm. 
It can be used to start planning a countermeasure or to calculate the 
speed of evolution of the pore pressure. It is estimated to be 3 years in 
this case. ´B` is the effective available time to execute the 
countermeasure. It is also about 3 years. ´C` is the distance between the 
first warning and the required safety factor for normal loading. ´D` is the 
distance between the first and the final alarm. It is used to project the 
available time to work on the countermeasures. These parameters will be 
used to estimate the remaining time between the first and the final alarm 
according to equation 27.  

Where, 
𝑣𝑣 = 𝑠𝑠𝑑𝑑𝑒𝑒𝑒𝑒𝑎𝑎 𝑜𝑜𝑜𝑜 𝑒𝑒𝑣𝑣𝑜𝑜𝑚𝑚𝑢𝑢𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚. 

 
Once the alarm has been triggered, the dam operator has 3 years, 

making the measure ´A` important in the alarm system. This leads to the 
study of the countermeasures. The gray zone represent the area of all 
possible countermeasure paths. When starting a countermeasure, the 
dam operator has 3 years to do so and it is open to him to decide – from 

𝑣𝑣 =
𝐴𝐴
𝐵𝐵
≈
𝐶𝐶
𝐷𝐷

  (27) 
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the measures that fit in the period of the problem – which measures he 
wants to apply. Unclogging the drains, drilling new drains and rock 
anchors are activities that will take less time than available. Therefore, 
the condition for operating the alarm is satisfied. The detected speed of 
evolution between the first warning and the first alarm (27) allows the 
projection to reach the final alarm to be done (28). 

 

 

 

𝑣𝑣 =
𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒𝑡𝑡𝑔𝑔 𝑜𝑜𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑎𝑎 𝑣𝑣𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚

𝑡𝑡𝑤𝑤𝑚𝑚𝑒𝑒
=

1,58 − 1,35
6 − 3,3

= 0,0852 𝐽𝐽𝐹𝐹/𝑔𝑔𝑒𝑒𝑎𝑎𝑎𝑎 
 (27) 

𝑡𝑡 =
𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒𝑡𝑡𝑔𝑔 𝑜𝑜𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑎𝑎 𝑣𝑣𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑡𝑡𝑤𝑤𝑜𝑜𝑚𝑚

𝑣𝑣
=

1,35 − 1,1
0,0852

= 3 𝑔𝑔𝑒𝑒𝑎𝑎𝑎𝑎𝑠𝑠  (28) 



DISCUSSION| 70 

 

7. Discussion and further research 

In this chapter a qualitative discussion on the validity and meaning of the 
obtained results is presented. The discussion in this chapter will focus on 
the theoretical alarm system proposed and on the practical example of 
Storfinnforsen. The recommendations of further research will focus 
substantially in the theoretical alarm system, since there is still research 
to be done in this area.  

7.1. Application of the alarm system 

When a structure has problems with sliding in the foundation, the owner 
of the dam can invest in measures to increase the safety of the bedrock 
against sliding or he can start monitoring the pore pressures. Single 
measures of pore pressures should not be used to evaluate the safety 
factor of a dam. However, when the pore pressure is being constantly 
measured, the value can be used to calculate the current situation of the 
structure and the safety factor. 

The alarm system is an aid for structures in all situations. Because if 
the monitoring system were seen as a resource only for structures which 
fully comply with the safety requirements, the dams which could make 
the best use of an alarm system (the dams with problems) would be 
excluded. The view of this thesis author, is that the structures impaired by 
project mistakes, aging or previous partial failures are the ones most in 
need of a monitoring system with alarm levels and programed 
countermeasures. However, the presence of alarm systems in dams with 
reduced safety factor does not mean an increase of their safety factor. The 
alarm is simply an aid to the dam operator when managing the structure. 

7.2. Alarm system for SFF 
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Following the calculations done for monolith 42, it is clear that, for at 
least one part of the structure, the dam does not comply with the 
recommendations in RIDAS. Using the assumptions performed in the 
calculations, the desired safety factor against sliding is not reached. 
However, it should be observed that the resistance of the passive wedge is 
done in a conservative manner and the actual resistance is most likely 
higher. More thoroughly studies of the rock mass can provide more 
accurate information about the resistance of the rock block on vertical 
joints. Also, no three-dimensional effects are taken into consideration. 

The dam is in a good condition now because the owner has invested on 
measures to protect the structure and the measured pore pressure. The 
measured pore pressures are very low, indicating that the apparent (or 
current) safety factor is relatively large. But the alarm will require 
constant monitoring. 

7.3. About the proposed parameters 

The quantity named ´´C`` in the last chapter controls the sensitivity of 
the alarm alone. The choice of this value is also arbitrary, but it is marked 
by the conditions of the alarm. If it is too small the alarm will be too 
sensible and start giving false alarms. If too large, the alarm will detect 
some change too late in the development of phenomenon. Furthermore, 
the alarm is directed only to the administrators of the dam and the costs 
of an alarm triggering will be low at the beginning. In this case it is very 
clear that choosing a sensible alarm will present less risks and almost no 
extra costs for the operator and therefore a better choice. 

For the proper operation for the alarm, the other values of the alarm, 
´´A`` and ´´B`` (time between both alarms) are expected to be of three 
years for the normal clogging of the drains. This allows the operator to 
identify, confirm, budget and execute the countermeasures necessary 
inside a reasonable time frame. If the time between both alarms is too 
short, no proper detection will be done and the alarm will have no use but 
to warn about the final failure, not proposing many alternatives for the 
operator.  
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7.4. About the proposed alarm 

There are three major discussions regarding the alarm system. First, 
when stating the apparent safety factor, it is necessary to discuss the link 
between the apparent safety factor and the real condition of the dam. 
Second, the choice of limits is based on the safety factors recommended 
in RIDAS, since they correspond to a level of safety accepted by the 
industry. Third, the countermeasures can be taken regarding the original 
safety factor and have as goal the improvement of the safety back to the 
original values, or the countermeasures can only correct the problem and 
bring the safety factor to the lowest possible safety factor of 1,35.  

While the measured pore pressure marks the alarm, the safety factor 
of the structure is calculated based on the estimated pore pressure. 
Therefore, the measured value (although trustworthy) is not linked to the 
Swedish guidelines and does not represent any characteristic value. The 
assessed pore pressure is not calculating the real safety factor of the dam, 
but only giving an idea of the current state of the dam´s foundation.  

Alarm limits are one of the most important aspects of the alarm 
system. Their choice should be based on empirical experience, and the 
chosen values from RIDAS represents that. There is the recommendation 
to base the limits on the structural behavior of the dam and set the first 
threshold halfway between structural limit and the normal behavior [31], 
this naturally happens as it can be seen in Figure 25. Since no other 
work/paper on the setting of alarm limits has been found, it is 
recommended to work further on this topic. 

Finally, the discussion about the operation of the proposed alarm for 
SFF. This is one of the most important discussions of this thesis, because 
it deals with two opposite choices the dam operator can make. Their 
effect on the recovery of the safety factor depends on the measures and 
their extensiveness. The investment in new devices is expensive [37] and 
it is dependent on the operator. One has two choices: 

• To invest in countermeasures that will take SFF back to the 
same safety level it was originally. This may be a more 
expensive option, but it will guarantee that the next 
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countermeasures won´t be applied in the short term, 
providing the operator with more time in the future. 

• To invest in measures to improve the dam’s condition just 
enough to satisfy the minimum normal loading safety factor. 
This may be cheaper in the short term but will eventually 
result in more frequent activities in the dam.  

It is for the operator to choose the best solution for him. He may want 
to choose the short term solution, which might be the cheapest for him. 
But it is a good compromise to choose a mix of both, aiming for the short 
term scenario at first while planning an option in the long term, providing 
time to plan countermeasures carefully enough and with the best value. 

A recommendation for further research is the work on stablishing 
alarm limits. A good research direction is on how to get rid of the 
arbitrariness of the alarm threshold choices. There should be a good 
relation between measured parameters of a dam and the real safety 
coefficient of this dam. If a group of good recommendations could be 
found on how to apply the limits to existing structures, the proposed 
alarm could be, without large changes, applied to different dams. 
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8. Conclusions 

In this thesis, a new system of how to define alarm limits for measured 
pore pressures has been suggested based on acceptable levels of safety for 
different load cases according to the Swedish power companies for dam 
safety, RIDAS. The suggested alarm system has been implemented on 
monolith 42 in the buttress dam Storfinnforsen. The uplift forces of the 
studied monolith are currently small and the safety factor is acceptable. 
However, the presence of sub-horizontal rock joints in the foundation 
under the monolith implies that future monitoring of the pore pressure is 
recommended together with the implementation of the suggested alarm 
system. The alarm system and the definition for alarm limits for the pore 
pressure most likely works well for scenarios such as clogging of drains. 
However, further research is required on the behavior in pore pressure 
increase due to e.g. degradation of grout curtains. 

In addition, the way the national dam guidelines deal with the 
phenomenon of sliding due to uplift forces in sub-horizontal rock joints in 
the dam’s foundation (a well-documented phenomenon) is still too 
simplified. For example, the drains installed for the pore pressure in the 
joint are treated the same way as drains for the concrete-rock surface. 
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