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Abstract 

The purpose of this thesis is to evaluate the contribution of grouted rock bolts on the stability 
of concrete dams. The load capacity of the grouted rock bolts are assessed considering 
eventual deteriorating processes. An additional objective was to compare the resulting load 
capacity with the prevailing regulations in RIDAS (the power companies’ guidelines on dam 
safety) and possibly suggest new guideline values. 

The literature study consists of two parts; concrete dams and grouted rock bolts. In the first 
part concrete dams are discussed and especially the inherent forces and aspects when 
controlling their stability. The second part treats grouted rock bolts and the theoretical focus is 
on their function and possible failure modes as well as on the degrading processes (primarily 
corrosion) that are affecting the rock bolts.   

Subsequently, the theory was applied on the Swedish concrete buttress dam Storfinnforsen, 
which is the largest concrete dam in Sweden. The dam was selected for this study mainly 
because its shape is archetypical for buttress dams. In addition, a digitalized model of the dam 
was obtainable from previous research projects.   

A numerical analysis with the finite element analysis software ABAQUS was performed in 
order to evaluate the stability of the dam and to support the analytical analysis. The load 
capacity of the grouted rock bolts was analytically evaluated with consideration to eventual 
degradation. Assuming a corrosion rate of 60 μm/year, the grouted rock bolts in 
Storfinnforsen could after 100 years be trusted with a load capacity of approximately 180 
MPa. That load capacity is due to shear failure, which constitutes the most plausible failure 
mode for rock bolts in buttress dams. The value 180 MPa is to be seen in contrast to the 
current limitation of 140 MPa that is defined in RIDAS (2011).  

The conclusion of this thesis is accordingly, that the maximum allowed load capacity that can 
be assigned the grouted rock bolts in the stability calculations of concrete dams can be 
increased from todays 140 MPa. This conclusion is substantiated by the analytical analyses 
with the numerical calculations as support.  

Keywords: Concrete dams, buttress dams, grouted rock bolts, sliding, overturning, 
corrosion, finite element modeling 
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Sammanfattning 

Denna uppsats behandlar slaka bergförankringar och dess bidrag till stabiliteten hos 
betongdammar. Bärförmågan hos bergförankringarna har analyserats med hänsyn till inverkan 
av nedbrytande processer som de utsätts för. Ett av de underliggande syftena med rapporten 
var att undersöka validiteten hos de av RIDAS (Kraftbolagens riktlinjer för dammsäkerhet) 
ställda föreskrifterna gällande tillgodoräknandet av slaka bergförankringar vid 
stabilitetsberäkningar av betongdammar.  

Litteraturstudien omfattar teori avseende både betongdammar och slaka bergförankringar. 
Beträffande betongdammar förklaras dels dess karakteristiska och uppbyggnad men främst de 
krav som ställs på dess stabilitet samt vilka krafter och ekvationer som ingår i kontrollen av 
denna. Teorin om de slaka bergförankringarna behandlar inte enbart hur de fungerar och vilka 
möjliga brottmoder de kan utsättas för, utan även de nedbrytande processer som påverkar 
dem. 

Teorin appliceras på den svenska lamelldammen Storfinnforsen, Sveriges största 
betongdamm. Den valdes som föremål för denna studie tack vare dess för lamelldammar 
karakteristiska form, samt att det dessutom fanns en digitaliserad modell av dammen 
tillgänglig från tidigare forskningsprojekt.   

En numerisk analys med det finita element programmet ABAQUS undersökte stabiliteten hos 
dammen. Bärförmågan hos förankringarna bestämdes genom analytiska beräkningar. 
Utgående från en förmodad nedbrytningstakt på 60 μm/år erhölls efter 100 års användning en 
förväntad bärförmåga på approximativt 180 MPa. Denna bärförmåga avser skjuvbrott vilket 
motsvarar den troligaste brottmoden för slaka bergsförankringar i betongdammar av typen 
lamelldamm. Denna uppskattade bärförmåga bör ställas i sammanhang med det av RIDAS 
(2011) föreskrivna värdet 140 MPa.  

Slutsatsen från denna uppsats är följaktligen att den maximalt tillåtna bärförmågan som får 
tillgodoräknas de slaka bergförankringarna kan höjas från dagens 140 MPa. Denna slutsats 
grundas på de utförda analytiska beräkningarna med de numeriska beräkningarna som stöd. 

 

Nyckelord: betongdammar, lamelldamm, slaka bergförankringar, glidning, stjälpning, 
korrosion, finita element modellering 
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1 Introduction 

1.1 Background 

Typically, a concrete dam is built as a gravity dam. This imply that the dam should be able to 
withstand sliding (and other failure mechanisms) due to the horizontal force from the dammed 
water by solely the friction component from the weight of the dam. The friction coefficient 
that can be used in the design is determined by the interface between the concrete dam body 
and the rock foundation. Influencing parameters are for example the condition of the concrete 
and the rock (crack propagation etc.). Moreover, such a dam structure is also founded with 
grouted rock bolts in the interface between the rock and concrete. One can intuitively realize 
that these bolts will contribute in a positive manner to the stability of the dam and hence 
increase the factor of safety. 

However, these grouted rock bolts are generally not allowed to be included in the stability 
calculations of concrete dams, and if they are, only a fraction of their initial load capacity is 
allowed to be utilized in the calculations. This is mainly due to the fact that there is a risk of 
degradation of the bolts load capacity due to for example corrosion. Because of the 
difficulties in observation and control of the status of the bolts, one cannot for sure verify that 
they still can contribute to the bearing of the structure. Therefore, the rock bolts are normally 
neglected in the stability calculations.  

Nonetheless, a recent study (Larsson 2008) has shown that the rock bolts, contrary to the main 
believes, still can give a significant contribution to the stability of the dam even when a 
considerable time has passed since the construction. The bolts tested by Larsson (2008) 
demonstrated a high strength and although the dam was more than 40 years old, almost no 
corrosion was visible through an ocular inspection.  

For the cases when these bolts are allowed to be included in the stability calculations, one are 
only allowed to assign them a load capacity up to 140 MPa according to RIDAS (The 
Swedish power companies’ guidelines for dam safety). This limitation is to be seen in context 
with their characteristic yield strength of 390 MPa. Thus not even half of their strength is 
allowed to be utilized in the design process. This prescribed strength, 140 MPa, is however 
presented without any references or supportive arguments.   
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1.2 Aims and scope 

The overall aim of this report is to elaborate a methodology of calculations that gives the load 
capacity of grouted rock bolts with regard to the ongoing degradation (such as corrosion) and 
ageing of the reinforcement.   

Even though the outcome of this research is expected to be a design load capacity of the rock 
bolts that is higher than the 140 MPa recommended today, it is however not the outspoken 
goal. The primary aim is to determine new guidelines and a value that can be used when 
assigning grouted rock bolts a load capacity. A value that compared to the value 
recommended today will be based on rational and justifiable grounds. Whether it will be 
lower or higher than the 140 MPa is secondary.  

1.3 Delimitations 

The objective is to determine what load capacity that can be assigned the rock bolts after x 
years of service. A true global and general value is however not going to be evaluated due to 
the limited time disposable. The theory will instead be applied on the Swedish dam 
Storfinnforsen which is considered to be a representative example. The computed value, with 
some adjustments, can thus be assigned a semi global significance. This subject is discussed 
more thoroughly in Section 4.2.2.  

The phrase “x years of service” does throughout this report refer to an arbitrary number of 
years. However, the intended number of years can be narrowed down to a rational interval of 
approximate 20-130 years. Numerous dams build around the 1950s has an expected life of 50-
100 years (Carlson, Field, Lander & Lyng 2008) why it is not of primary interest to 
investigate the possible contribution of rock bolts beyond say 200 years.   

How the rock bolts are degenerated with time and which aspects that control this process will 
neither be tested nor empirically studied in any way, but rather just researched in a literature 
study. In the subsequent calculations it will be assumed that the rock bolts are exposed to a 
certain deteriorating process based on the conclusions from the literature study. 

The condition of the rock mass is not studied because it is not of primary interest for this 
report and the rock mass is hence assumed to be solid and function as an adequate foundation 
for the dam structure.  

In this report, a static load situation is assumed and no dynamic loads are included in neither 
the presented theory or in the corresponding stability calculations. The water table in the 
reservoir is thus assumed to be stable (no fluctuations), wind loads are neglected and the 
safety against earthquakes is not addressed.  

The calculations presented in this report do not take uncertainties associated with input values 
and material data into consideration. A somewhat deterministic approach is hence practiced 
since the input data are assigned nominal values. Different methods to cope with such 
uncertainties are indeed discussed in Section 2.4.5 but are not applied in the further work. 
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Further delimitations and assumptions will be clearly indicated and argued in the ongoing text 
as they gradually appear.  

1.4 Structure of the report 

The overall aim is to evaluate the actual load capacity that one can assign the grouted rock 
bolts after x years of service. In order to do this, a comprehensive literature study covering the 
different aspects influencing the rock bolts behavior is made, culminating in two theory 
chapters.  

The theory chapters are divided into one focusing on dam structures in general and concrete 
dams in particular, wherein the external and internal forces are defined based on the prevalent 
regulations. The second theory chapter focuses exclusively on the grouted rock bolts and 
deals with their mode of action and possible failure modes as well as the degrading processes 
(primarily corrosion) that are affecting them.  

In Chapter 4 the theory attained from the literature study is implemented on the Swedish 
concrete buttress dam Storfinnforsen. The possible influence of the grouted rock bolts on the 
stability of concrete dams is thus evaluated for the dam Storfinnforsen. The dam itself and its 
structural characteristics are presented in Section 4.2.  

In the evaluation, the following types of calculations are covered: 

- Analytical calculations of the separate bearing capacities of the grouted rock bolts for their 
different failure modes. 

- The stability against sliding and overturning is analyzed analytically. These calculations are 
performed both with consideration to the additional strength of rock bolts but also where it 
has been neglected.  

- Numerical analysis of the dam. The main objective is to study the overall stability of the 
dam and how it is affected when grouted rock bolts are considered.   

Subsequently, the result presented in Chapter 5 is divided into one section covering the result 
from the analytical analyses and one section for the numerical analyses respectively. In the 
conclusions (Chapter 6), the results are summarized and commented and proposals for future 
research are presented.  
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2 Concrete dams 

2.1 Types of dam structures 

Dam structures can be divided into different categories depending on what features one is 
interested in. They can for example be categorized after how they function (arch dam, gravity 
dam etc.), their purpose (weir, flood protection, agriculture etc.) and on the main construction 
material. There are mainly two different orientations when it comes to construction material; 
concrete dams or rock-fill dams (Nationalencyklopedin 2013). 

Rock-fill dams are possibly the most common type of dams in Sweden as well as abroad. 
They operate static as gravity dams, i.e. the self-weight of the dam body provides sufficient 
stability for the structure. The dam body consists of a dense core which is surrounded by fill 
material, often soil or crushed rock. In Figure 2-1, number C represents a rock fill dam. This 
type of dam structure is however not of interest in this report since this report investigates the 
use and utility of grouted rock bolts. The failure load for rock-fill dams cannot be improved 
by anchorages, which imply that grouted rock bolts have no function in such a dam. 
Essentially, rock bolts helps to improve the safety against sliding and overturning and that is 
not a representative failure mode of rock-fill dams (Minor 2004).  

 

Figure 2-1: Different types of dam structures. 
A) Arch dam. B) Buttress dam. C) Rock-fill dam D) Massive dam 

(Australian Geographic 2011) 

There are many types of dam structures that are made of concrete. Three of these are 
presented below; arch dam, massive dam and buttress dam respectively. Of these three dams, 
massive dams and buttress dams are closely related since they both are gravity dams. Arch 
dams are only briefly presented, since this report focus on gravity dams. 
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2.1.1 Massive dam 

Massive dams, number D in Figure 2-1, are possibly the most self-evident example of a 
gravity dam. Normally a massive dam (typically of concrete) consists of a somewhat 
triangular shaped cross-section and can either be continuous or, more commonly, built up by 
monoliths with a width of about 20 m. The upstream side, onto which the water is dammed, is 
usually more or less vertical while the downstream side is inclined. Massive dams must be 
founded on rock because they are stiff structures and can therefore not handle settlements well 
(Minor 2004). 

The type and quality of concrete used is not the same throughout the whole structure. 
Concrete with relative low cement content can be used in the core of the dam where the 
concrete stresses are not significantly high. Closer to the faces a concrete with higher cement 
content is used in order to assure frost resilience and density (Minor 2004). 

2.1.2 Buttress dam 

Buttress dams belong to the family of gravity dams. Analogous to hollow dams, which is 
another type of gravity dam, their design is developed with the ambition to omit all passive 
concrete volume. The intention is hence to achieve equivalent stability as for a massive dam 
but with a reduced material usage. While a massive dam consists of a continuous dam body, 
buttress dams are instead supported by a number of pillars. The advantage with buttress dams 
compared with massive dams is thus the significantly reduced volume of the dam body. This 
has a number of positive effects, whereas the foremost one is reduced material cost. Buttress 
dams are however sensitive for earthquakes due to difficulties in carrying sideway shear 
forces. Buttress dams have a more inclined upstream front compared with massive dams. The 
inclined front-plate generates a vertical force resultant from the dammed water. This vertical 
force component will together with the self-weight act in a stabilizing manner and thus 
compensates for the in comparison with massive dams reduced concrete weight (Minor 2004). 
A schematic illustration of a buttress dam can be seen as number B in Figure 2-1. In addition, 
a real buttress dam, the Swedish dam Storfinnforsen, is shown in Figure 4-1. 

2.1.3 Arch dam 

Opposed to gravity dams, by which stability is obtained by transferring the external forces 
down vertical in its foundation, arch dams transfer the hydraulic water pressure to the flanks 
and into the mountainside. Therefore arch dams are only suitable and possible in narrow 
valleys with valley flanks of stable rock (Strobl & Zunic 2006). Numerous possible shapes 
exist, including for example circular, elliptical, parable and spiral. The most suitable shape is 
determined based on the topography and geology on site. Number A in Figure 2-1 illustrates 
an example of a spiral arch dam.  

The advantage with arch dams is the significantly lower requirement of concrete, which often 
makes them a more economical alternative compared to gravity dams. Another benefit 
compared with gravity dams is its ability to safely endure extreme loads following 
earthquakes. Earthquakes often yield large horizontal forces that arch dams can withstand 
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much better compared with gravity dams due to their different mode of action (Minor 2004). 
Arch dams are however not considered in this report because the objective is to study the 
effect of grouted rock bolts. Sliding is not one of the prevailing failure modes for arch dams 
and rock bolts will as a result not affect its stability to any large extent.  

2.2 Foundation 

Gravity dams of concrete exert a substantial pressure on the ground and must therefore be 
founded on rock with sufficient strength (Strobl & Zunic, 2006). This should be seen in 
contrast to rock-fill dams where not only the density of the material is lower than for concrete 
but the weight is also spread over a larger foundation area. The requirements on the 
foundation are thus not as demanding as for concrete gravity dams.  

When founded on rock, the rock mass must be inspected considering its solidity, eventual 
cracks and their propagation as well as for potential weak zones. Parts that are found to be of 
insufficient quality should be removed or appropriately strengthened (RIDAS 2011). 

Drainage systems are often installed in the foundation of concrete dams with the intention to 
reduce the uplifting pressure. The design of the drainage system depends on the structure of 
the dam and the character of the foundation. For massive dams with drains, the drainage 
gallery is distributed over the whole foundation, while for buttress dams there are normally no 
drains under the front-plate. The systems are optimized regarding the position of the drainage 
galleries as well as inclination, size and length of the individual drains (Da Silva 2006, 
RIDAS 2011).  

Cracks in concrete dams 

In general, the development of cracks in concrete dams can be derived to three different 
phases in the lifetime of a concrete structure. These phases are; fresh concrete (not yet 
hardened concrete), early age (hardened concrete) and serviceability phase. Depending on 
which phase it is, cracks of different types and due to various reasons will develop. For 
instance, during the serviceability phase cracks will appear due to shrinkage, temperature 
differences and external loading (Björnström, Ekström & Hassanzadeh 2006). 

It is difficult to achieve a concrete dam completely free from cracks. That is partly due to the 
variation of cracks that can appear during a structures lifetime, and partly because the rough 
dimensions of a dam will naturally lead to cracks during the cooling phase. Given that cracks 
will occur, it is important to analyze why a crack has developed and to observe whether it is 
steady over time. Cracks that develop over time and appear to be caused by external loading 
imply that the structure might be in danger and measures needs to be taken (Björnström et al. 
2006). 
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2.3 Dam safety regulations 

Failure of the dam body, or its foundation, might result in uncontrolled leakage of dammed 
water. Depending on the size of the reservoir and the leakage, enormous damages, both 
economical and human lives, can arise downstream of the dam. Therefore, dams must be 
designed so that the safety of the structure is ensured for some predefined flood values.  

In Sweden, general constructions rules are given by Boverkets construction rules (abbreviated 
BKR). All special types of constructions are however not covered in detail in BKR why some 
special collection of rules exists. An example of such a regulation is RIDAS (the power 
companies’ guidelines for dam safety) which constitutes guidelines for dams issued by the 
Swedish power companies (Johansson 2005). 

2.3.1 RIDAS (The power companies guidelines for dam safety) 

RIDAS is the power companies’ guidelines for safety of dam structures and is not to be 
considered as laws or regulations, rather as help and support in the safety work for the 
companies involved. The objective is to achieve better and safer designs with the help of these 
guidelines. The principal policy of RIDAS is that the safety demands should be in relation to 
the expected consequences following a collapse of the dam. All dams should therefore be 
classified concerning the expected consequences/damages following a hypothetical failure 
(RIDAS 2012).  

Consequence classif ication 

All dams are classified concerning the estimated consequences of a hypothetical dam failure. 
The classification is based on margin damages, which means that the only damages intended 
are those generated beyond what would occur in case there were no dam. 

There are in total four consequence classes; ranging from 3 to 1 and 1+, where 1+ is assigned 
the dams with the most severe failure consequences. The classification is presented in Table 
2-1 and they reflect upon the stresses on society, loss of human lives and the social, ecological 
and economical values that would be lost in case of a dam collapse (RIDAS 2012). 

Table 2-1: Classification of the consequence classes for dams in Sweden.  
Reproduction from RIDAS (2012). 

Consequence 
class 

Consequence in case of dam failure. 
Expressed in terms of probability for damages 

1+ 
There is a high probability for severe stresses on society due to the damages along 
the stream 

1 

The probability for loss of human lives or severe personal damages is not negligible. 
Or; there is a high probability for severe damages on important civil structures or 
other damages with substantial economic costs. 

2 
The probability for damages on important civil structures or other damages with 
economic costs cannot be negligible. 

3 The probability for noticeable damages to follow is negligible  
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2.3.2 Design flood guidelines 

When planning for structures in water, and especially when it comes to structures that dam up 
water, knowledge about potential floods is of great importance. The spillway must be capable 
to lead away the design flood without causing damages on the structure itself and downstream 
settlements. In the planning process, the costs are weighted against the risk that a flood 
greater than the design flood may occur (Strobl & Zunic 2006).  

The Swedish design flood guidelines (Flödeskommittén 2007) are based on estimated 
potential consequences of a dam failure during flood conditions. In RIDAS, dam structures 
are categorized in four different consequence classes as described in Section 2.3.1. In the 
flood guidelines, only two categories are quantified; Flood design category 1 and 2 
respectively. Flood design category 1 is assigned to dams that would cause severe damages in 
case of a collapse.  

Dams in Flood design category 1 should be able to withstand and pass through a flood with a 
return period of more than 10000 years without serious damages to the structure. Extreme 
floods of that scale is generated when combining the different flood generating factors, such 
as precipitation and snow melting, in a way that would have the most critical imaginable 
effect on the river system. For dams in Flood category 2 the demand is to be able to pass 
through a flood with a return period of 100 years (Flödeskommitten 2007). A return period of 
a flood should be understood as a measure of the probability that such a flood occurs one 
arbitrary year. A return period of 100 years implies thus a probability of 1/100 that such a 
flood occurs one year. A normal false interpretation is that if a 100-year-flood occurs one 
year, then a flood of comparable size should not occur again within the next hundred years. 
This is however false since the probability will be 1/100 every year, irrespective of the flood 
the previous year (Strobl & Zunic, 2006). 

2.4 Stability calculations 

According to RIDAS (2011), concrete dams are to satisfy the following three stability 
demands; 

- Overturning stability 
- Sliding stability 
- The bearing capacity of the concrete and the foundation 
 
Concrete dams are basically an assembly of in-built structural components that each has their 
separate failure mode. The dam should be treated as a series system which implies that the 
whole structure fails if one of the components fails. The reliability of the structure will thus be 
defined by its weakest link (JCSS 2001, Westberg 2010). 

In the following sections, the forces involved as well as the different failure modes will be 
defined and explained.  
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2.4.1 Forces acting on the dam 

The forces that according to RIDAS (2011) are to be included in the stability calculations are 
presented below. Important is that not only the magnitude of the involved forces should be 
determined and calculated, but also the direction and the point of application. 

Self-weight 

The self-weight expresses the actual weight of the structure and is an archetypical example of 
a permanent force, i.e. whose magnitude and direction will be more or less constant over time. 
The uncertainties associated with the magnitude are normally relative small and in most cases 
coupled to uncertainties concerning the material properties. For construction parts whose 
material can be assumed to be essentially homogenous, an averaged weight density γ can be 
assigned the part (JCSS 2001). The self-weight for a dam can thus be derived as Equation (2-
1). The reinforced concrete of the dam should be assigned the weight 23.0 kN/m3 provided 
that no other values are indicated from eventual material tests. In addition to the weight of the 
concrete, the weight of gates and claps should also be included in the self-weight (RIDAS 
2011).  

𝐺 = 𝛾𝑚𝑜𝑛𝑜𝑙𝑖𝑡ℎ ∙ 𝑉𝑚𝑜𝑛𝑜𝑙𝑖𝑡ℎ      ( 2-1 ) 

where  G:  Force resultant, self-weight of the dam body [kN/monolith]. 
 γmonolith: Specific weight of the monolith [kN/m3] 
 Vmonolith:  Volume of the monolith [m3] 
 
Depending on which stability criterion is being verified, the self-weight will either function as 
an acting force (bearing capacity of the foundation) or as a resistive force (sliding stability). It 
will thus be assigned different partial factors depending on the context in which it is used.  

Hydraulic water pressure 

The hydraulic water pressure is the dominating external load and its size and direction is 
normally well defined, based on the geometry of the dam and reservoir (Larsson 2008). In 
accordance with RIDAS (2011), the water pressure should be designated as the most 
disadvantageous of all the possible combinations of upstream and downstream water levels.  

For dam structures with an inclined upstream front, the hydraulic water pressure normally has 
to be divided into one vertical and one horizontal force component since their action on the 
dam is completely different. The horizontal water pressure has a negative effect on the dam 
and constitutes the main external force for which the dam is designed to withstand. The 
horizontal force resultant can be calculated using Equation (2-2) and is in Figure 2-2 denoted 
with Ph.  
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𝑃ℎ = 𝛾𝑤𝑎𝑡𝑒𝑟∙𝐻2

2
∙ 𝐿𝑓𝑟𝑜𝑛𝑡     ( 2-2 ) 

where  Ph:  Horizontal force resultant [kN/monolith] 
 γwater: Specific weight of water [kN/m3] 
 Lfront:  Length of the monolith [m] 
 H:  Height of the water table [m] 

The vertical force component has a stabilizing effect and that is the reason for why buttress 
dams typically are designed with an inclined front-plate. Its magnitude is equivalent to the 
weight of the water mass above the inclined front. In Figure 2-2 the vertical force component 
is denoted with Pv.  

 

Figure 2-2: Schematic representation of the hydraulic water pressure acting  
on a dam with inclined front-plate. 

Ground pressure 

The ground pressure can be derived from the pore water pressure from the water in the 
foundation. The magnitude of the pressure is depending on the geometry of the dam body and 
eventual drainage under the foundation (RIDAS 2011).  

For an arbitrary dam structure, there are three important characteristics that together 
determine how the uplifting pressure will be defined. First of all the type of dam is important 
since massive dams and buttress dams have different bearing systems and hence different 
stress distributions in the foundation. Secondly, it is important to distinguish between dams 
with or without drainage systems. The ground pressure derives from the pore water pressure 
under the foundation, why a dam with drainage and hence less pore water in the foundation 
will demonstrate a significantly lower ground pressure. The third feature to recognize is 
whether the whole foundation area will be in compression, which is strongly connected with 
the type and size of the dam (RIDAS 2011).  

As an explanatory example, a massive dam without drainage can be assumed. For such a dam 
the ground pressure would be designed as linear decreasing from a pressure H on the 
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upstream side to pressure h on the downstream side, provided that the whole foundation is in 
compression. For a buttress dam the ground pressure is calculated analogous to massive dams, 
which imply a linearly declining ground pressure. However, RIDAS (2011) allows the ground 
pressure under the buttress to be neglected. Only the ground pressure under the front-plate 
needs to be considered, provided that the buttress is not thicker than approximately two 
meters. This is due to the fact that there are normally no drains under the front-plate of 
buttress dams.  

Equation (2-3) and Figure 2-3 displays how the ground pressure is calculated for a buttress 
dam.  

𝑆 = 𝐻−ℎ
2
∙ 𝑏𝑓𝑟𝑜𝑛𝑡 ∙ 𝛾𝑤𝑎𝑡𝑒𝑟 ∙ 𝐿𝑓𝑟𝑜𝑛𝑡.     ( 2-3 ) 

where  S:  Ground pressure, force resultant, [kN/monolith] 
 γwater: Specific weight of water [kN/m3] 
 Lfront:  Length of the monolith [m] 
 H:  Height of the water table (upstream) [m] 
 h:  Height of the water table (downstream) [m] 
 bfront:  Width of the front-plate [m] 
 

 

Figure 2-3: Ground pressure on a buttress dam. Reproduction from RIDAS (2011). 

Ice load 

In northern countries there is usually ice accumulated in dam reservoirs during the winter. 
Due to the fact that the surface water normally is quite still in a reservoir, the ice growth can 
be significant. The pressure from the ice on the dam structure generates a horizontal force on 
the structure. The ice load might not seem so influential in comparison to the hydraulic water 
pressure, but the ice load can have a large effect on the stability for small dam structures with 
a modest height.  
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𝑃𝑖𝑐𝑒 = 𝛾𝑖𝑐𝑒 ∙ 𝐿𝑓𝑟𝑜𝑛𝑡 ∙ 𝑡𝑖𝑐𝑒      ( 2-4 ) 

where  Pice:  Ice load, force resultant [kN/monolith] 
 γice: Load intensity of the ice [kN/m2] 
 Lfront:  Length of the monolith [m] 
 tice:  Thickness of the ice layer [m] 

RIDAS (2011) states that the horizontal ice load should be assigned an intensity of 50-200 kN 
per meter dam length. The scattering depends on the geographic location, the altitude and 
local conditions. The force resultant is assumed to act at one third of the thickness of the ice 
below its upper surface, whereas the thickness tice is assigned a standard value of 0.6 m south 
and 1.0 m north of an imaginable line through Karlstad/Stockholm.  

Ice accumulation in dam reservoir does also influence the required freeboard for the dam crest 
since the increasing volume when water is frozen leads to a higher water surface (ice surface).   

Earth fill  pressure 

Embankments of fill material (normally fill material or crushed stone) are sometimes placed 
downstream of the dam in order to either elevate the ground level or to give additional support 
to the structure. Its stabilizing contribution to the structure is however quite small since the 
density of the fill material is substantially smaller than for concrete and water. Furthermore, 
the size of the embankment is also considerably smaller than the dam body itself. Due to the 
small magnitude of the resulting force and that is in addition usually acts favorable for the 
dams’ stability, the earth fill pressure is often neglected in the stability calculations.  

If the earth fill pressure is included in the stability calculations, RIDAS (2011) states that an 
assumption of earth pressure at rest should be used in the calculations. The density and the at 
rest lateral earth pressure coefficient for the fill material are obtained from in-situ 
investigations.  

Traffic load 

Dam structures often have a roadway on its crest. The eventual roads are in some cases just 
used for maintenance work, whilst for other dams the roads are open for traffic and the dam 
will thus function as a bridge over the stream/lake.   

For dam structures that are exposed to traffic loads, these should be included in the 
calculations if they act unfavorable for the structure (RIDAS 2011). In general, it is not the 
actual weight of the traffic that may cause problem, rather the vibrations generated by the 
traffic and its irregularity in time. 

2.4.2 Overturning stability 

The prerequisite for an overturning failure is that the force resultant falls downstream of the 
middle third of the dam base. It is however a hypothetical failure mode and is unlikely to 
occur in reality for gravity dams. The reason for this is that other failure modes would already 
have taken place (Johansson 2005). When calculating the stability against overturning, one 
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normally selects the downstream toe of the dam as the axis of rotation. If overturning indeed 
would happen, the contact surface between dam body and foundation would decrease during 
the process and the weight of the dam would accordingly accumulate on a gradually smaller 
area. That would almost certainly lead to failure through crushing of the foundation before the 
overturning process could complete.    

Despite this, overturning is always considered when designing a new dam structure. The 
stability against overturning is verified by calculating a factor of safety, according to Equation 
(2-5). This factor does represent the ratio S between stabilizing and overturning moments 
(Johansson 2005).  

𝑆 = 𝑀𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑖𝑛𝑔
𝑀𝑜𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔
�      ( 2-5 ) 

where  S:  Factor of safety [-] 
Mstabilizing: Resulting moments that contribute to the stability against 

overturning [MNm] 
Moverturning: Resulting moments that have an adverse impact on the stability 

against overturning [MNm] 
 

In RIDAS (2011), the limits for the factor of safety S is given as; 

- Normal load combinations: S = 1.5 
- Exceptional load combinations S = 1.35 
- Accident loads S = 1.1 
 
In addition to the factor of safety presented above, the force resultant from all the forces 
acting on the concrete dam body should fall within the area that constitutes the central third of 
the length and width of the foundation (i.e. the middle third of the dam base). This 
requirement ensures that the whole bottom area of the dam will be in compression and the 
uplifting pressure will be linear declining. For exceptional load combinations, the resultant is 
however allowed to fall outside the “center area” provided it stays within the “3/5-area”. Both 
the “center area” and the “3/5-area” are defined depending on the geometry of the dam and its 
monoliths (RIDAS 2011). In addition, leakage would occur at the bottom of the dam if the 
foundation area was not in compression (Larsson 2008).  

2.4.3 Sliding stability 

The security against sliding is essentially to verify that the horizontal forces acting on the dam 
can be transferred from the construction to the foundation (RIDAS 2011). Structures that are 
exposed to major horizontal loads, for example dams, are particularly sensitive for this failure 
mode (Johansson 2005). The stability relies on sufficient friction along the discontinuities that 
might be subjected to sliding (Larsson 2008). According to RIDAS (2011), control for sliding 
should be made for the foundation surface, for eventual weakness zones in the foundation as 
well as for dangerous discontinuities in the dam body itself. The control is made with 
Equation (2-6) in which a coefficient of friction μ for the sliding plane is calculated. The 
frictional coefficient denotes the ratio between the resultant of forces parallel and 
perpendicular to the sliding plane.  
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𝜇 = 𝑅ℎ
𝑅𝑣� ≤ 𝜇𝑚𝑎𝑥      ( 2-6 ) 

where  μ:  Coefficient of friction [-] 
 μmax: Maximum allowed frictional coefficent [-] 
 Rh:  Resultant of forces parallel to the sliding plane [MN] 
 Rv:  Resultant of forces perpendicular to the sliding plane [MN] 

The ratio calculated through Equation (2-6) (i.e. the frictional coefficient μ) is not allowed to 
exceed a predefined coefficient of friction μmax. Provided that the dam is founded on rock, this 
coefficient is set to 0.75 for normal load combinations and 0.9 for exceptional load 
combinations (RIDAS 2011). The value for the maximum allowed frictional coefficient μmax 
can for different load combinations and foundation materials be determined with the help of 
Table 2-2. This method to assess the safety against failure is called the sliding resistance 
method (Johansson 2005).  

Table 2-2: Allowed frictional coefficient μmax. Reproduction from RIDAS (2011) 

  Load combination   
Foundation Normal Exceptional Accident load 
Rock 0.75 0.90 0.95 
Moraine, gravel, sand 0.50 0.55 0.60 
Coarse silt 0.40 0.45 0.50 

 
If the designated discontinuity is inclined, the acting forces should naturally be divided into 
force components that are perpendicular and parallel to the intended plane (RIDAS 2011).  

In detail, the phenomenon of sliding failure can be divided into two different types according 
to Johansson (2005); plane and wedge sliding. Plane sliding is a two dimensional analysis and 
is the type of sliding that normally is considered. Wedge sliding is rather a question for 
sliding in rock masses and can thus be of interest concerning sliding failure in the rock mass 
for concrete dams founded on rock. Rock masses generally consist of a number of 
discontinuities and a wedge is created by two or more discontinuities that intersect each other 
(Johansson 2005).  

Another important aspect is whether the failure takes place through solid material or in 
already existing weaker zones such as cracks. For a failure in a solid and intact material (i.e. 
non-cracked rock or concrete) a brittle failure without sliding is likely to occur. If the failure 
on the other hand is in deteriorated zones, for example along a crack, sliding will occur 
(Gustavsson, Johansson, Rytters & Stille 2008). With this as a background, it can be 
understood that one cannot profit from grouted rock bolts when failure takes place in solid 
material because the rock bolts are primarily effective against sliding. Therefore this report 
focuses on failure in the interface between concrete and rock.  
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2.4.4 Bearing capacity 

The regulations in RIDAS (2011) prescribe that the foundation ought to be controlled for 
compressive and shear stresses. The maximum allowable stress is depending on the condition 
of the foundation/rock and is determined based on in-situ investigations of the rock mass.  

The load bearing capacity corresponds to the vertical load required for the rock mass to reach 
the plastic state, i.e. when continuous deformations will take place without further increase of 
the load. When the load bearing capacity of the foundation is reached, a failure occur, which 
basically is a result of shear failure. Depending on the properties of the rock mass, one can 
principally distinguish between three different possible failure modes, according to Johansson 
(2005); 

- General shear failure, which is characterized by a continuous slip surface from the edge of 
the footing to the rock mass surface. The failure has a ductile behavior.  

- Local shear failure. Has a brittle behavior, which is to compare with the ductile behavior of 
general shear failure. The foundation initially gets crushed at its edges that then propagates 
into the rock mass 

- Punching failure. Possible failure mode if the rock mass is built up by layered rock with 
compressible soft layer covered by a thin rigid layer.  

Bearing capacity is however not considered in this report since the failure mode is not 
affected by installed grouted rock bolts. 

2.4.5 Different methods to allow for uncertainties 

Dam safety analyses have traditionally been performed using deterministic techniques. 
Deterministic methods generally imply that the variables are assigned nominal values based 
on reasonably conservative assessments of the involved parameters. When using deterministic 
methods in the design of dam structures, all uncertainties are incorporated into the factor of 
safety. The problem associated with this procedure is that it only tells us whether the dam is 
safe or unsafe, but do not give any guidance on the level of safety. Furthermore, this factor of 
safety is normally based solely on experience and engineering judgment which has led to that 
the same value often is used irrespective on the amount of information available (Krounis 
2013).  

Another possible approach to incorporate uncertainties in the calculations is to use 
probabilistic methods. In such a reliability analysis, all parameters are either defined as 
random variables and thus described by a stochastic variation (mean value and standard 
deviation), or when appropriate as deterministic values. The probability/risk of failure for the 
structure is calculated with a safety index and then compared to a target value to determine if 
the structure has sufficient safety (Westberg 2010). The advantage with probabilistic methods 
is that the uncertainties are allowed to propagate through the analysis, which makes it possible 
to direct evaluate their effect on the structure (Krounis 2013). Another advantage in 
comparison with deterministic methods is that probabilistic methods takes the behavior and 
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properties of the specific dam into consideration and is not using standard values for all 
structures (Westberg 2010).  

The uncertainties principally associated with dam stability can be categorized into three 
different categories; load and material properties, system response and consequences of 
failure. The uncertainties are due to the input values and processes used. Uncertainties 
regarding load and material properties can normally be reduced by gathering more 
information about the specific property, for example through additional measurements and 
tests. These kinds of uncertainties that are due to lack of knowledge are called epistemic 
uncertainties. When dealing with epistemic uncertainties, it is ultimately a question of money 
since additional tests and/or measurements costs money and there will thus be a trade-off 
between costs and safety. In contrast to epistemic uncertainties, the other major type of 
uncertainty is called aleatory. Aleatory uncertainties are due to the natural variability of 
samples (Krounis 2013). Parameters that have a natural variability are best defined as random 
variables, whereas the most important ones are the self-weight, shear strength and 
compressive and tensile strength (Westberg 2010).  
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3 Grouted rock bolts 

When referring to grouted rock bolts in this report; reinforcement bars installed in the 
interface between foundation (rock mass) and dam body (concrete) are intended. Typically, 
the bars are approximately six meters long since the in the foundation embedded length 
should be at least three meters according to Avén (1984). Nowadays the reinforcement bars 
used are profiled bars of quality B500. In older structures, such as Storfinnforsen that is 
studied in Chapter 4, smooth bars of steel quality ks40 were a common choice. The standard 
diameter of the bars is 25-32 mm. 

Numerous denotations on these kinds of fasteners exist in the literature. Terms such as 
dowels, rock bolt, anchors and cables all denotes relative similar fasteners. The attributes that 
qualify grouted rock bolts in this report, is that the steel bars are not equipped with any kind 
of end-anchorage and hence only attached through adhesion. They are also embedded in two 
different mediums, i.e. foundation (rock mass) and dam body (concrete). What is also 
understood by the term grouted rock bolts is that pre-tensioned rock bolts are not intended.  

3.1 Regulations  

For additional safety when designing concrete structures, grouted rock bolts are often used in 
the interface between rock and concrete. These rock bolts are however as a general principal 
in RIDAS not allowed to be included in the stability calculations for concrete dams of 
consequence classes 1 and 1+ (see Table 2-1). RIDAS (2011) does nonetheless encourage 
installation of grouted rock bolts of sizes 25-32 mm diameter as an additional safety measure.  

RIDAS (2011) does additionally state that for some types of dam structures, rock bolts are 
allowed to be utilized in the stability calculations. For low dams, whose operative hydraulic 
water pressure is no more than five meters, it is difficult to achieve stability by solely utilizing 
the self-weight of the dam. Therefore, it is allowed to include rock bolts to secure for the ice 
loads that the dam is subjected for, provided that the specific dam does not belong to 
consequence classes 1 or 1+. Nonetheless, the rock bolts are still only allowed to be assigned 
a load capacity of 140 MPa. 

3.2 Anchorage of grouted rock bolts. 

A fundamental prerequisite for reinforced concrete and rock is that the reinforcement bars are 
sufficient anchored in the concrete/rock (Ansell, Hallgren, Holmgren & Lagerblad 2013). If 
the anchorage would be insufficient, the bar would not be able to contribute to the stability 
since it would simply be pulled out when an increasing force is applied.  

Generally when a reinforcement bar is anchored in concrete, the anchorage is due to bond. 
The bond can be illustrated as an evenly distributed shear stress or bond stress over the bar 
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(Ansell et al. 2013). At first the bond is due to chemical adhesion with the cement functioning 
as glue. This bond is however not particularly strong and is hence broken quite soon. When 
the chemical adhesion is lost the bar will instead be anchored by friction (Burström 2007). 
According to Ansell et al. (2013), the frictional bond can be divided into two different 
physical components; friction in sliding and mechanical grip between concrete and 
irregularities on the surface of the bar. For ribbed or profiled bars the latter component will be 
the dominating one.  

3.2.1 Fastening systems 

The objective of the fastening system for a normal anchorage is to transfer and distribute 
loads to the concrete from the various equipment being anchored (Eriksson & Gasch 2011). 
The grouted rock bolts considered in this report have however another but yet similar 
objective, namely to transfer forces from the concrete to the rock. The function and also the 
fastening system are thus similar to the description above.  

There are basically three different types of load transfer mechanisms according to Eriksson & 
Gasch (2011); mechanical interlock, frictional interlock and chemical bond respectively. 
Nowadays, the grouted rock bolts installed are usually ribbed bars and the fastening system 
utilized is therefore partly chemical bond but essentially frictional interlock. However, in the 
dam Storfinnforsen that is used as a calculative example in Chapter 4, the grouted rock bolts 
installed are smooth bars. They do nonetheless act in more or less the same way as ribbed 
bars. The difference is that frictional interlock does not have such a significant influence as 
for ribbed bars. 

3.3 Failure modes 

When the rock bolts are subjected to tensile stresses the failure can according to Ekström et 
al. (2013) follow in six different ways which are all described in this section and whose 
failure interfaces are illustrated in Figure 3-1. The bearing capacity of the rock bolt is the 
lowest failure load derived from any of the six failure modes. In this section, the theory of 
these failure modes are presented together with related equations.   
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Figure 3-1: Interfaces for the possible failure modes for a grouted rock bolt. 
a) Rock cone failure. b) Adhesive failure; steel and grout. c) Adhesive failure; rock and grout. 

d) Shear failure. e) Adhesive failure; concrete and steel. f) Tensile failure; steel bar 
Reproduction from Larsson (2008). 

Rock cone failure 

The failure mode is characterized by a rock break-out body that is shaped like a cone. The full 
tensile capacity of the rock is used when the failure occurs. A prerequisite for this failure 
mode is that the rock bolt’s steel capacity for tensile stresses is not exceeded (Eriksson & 
Gasch 2011). 

The failure in the rock mass is calculated by assuming a break-out body shaped as a cone with 
the angle 60°. It must be verified in the design process that the weight of the rock cone, 
divided by its partial safety factor, is larger than the design tensile force in the rock bolt. 
Friction and cohesion in the interface of the rock cone are normally neglected and thus is only 
the weight of the cone considered (Larsson 2008). The top angle of the cone is normally 
assumed to be 60°, but a more conservative choice of angle can be made. It should then 
however be complemented by a reduced safety factor.  

There are especially two aspects that must be considered in the calculations to achieve a 
legitimate failure load. First it is important in the design calculations to consider the rock bolts 
with the smallest volume hence that would give the smallest self-weight and thus the lowest 
failure load. Therefore, those with the largest inclination should be chosen for the verification 
of this failure mode (Larsson 2008). Secondly, the placement of the rock bolts must also be 
considered. If they are placed too close together, it may result in a reduced tensile failure load 
than if one would calculate a separate failure load for each of the rock bolts. This is due to the 
interaction between the rock bolts and eventual intersection of the cone break-out bodies 
which results in a reduced size of actual break-out body (Eriksson & Gasch 2011). 



 

22 

 

Equation (3-1) is used to calculate the load capacity of a rock bolt for this failure mode. The 
equation is derived from assumptions about the form of the cone. The introduced parameters r 
and h are defined in Figure 3-2.  

𝑅 = 𝑉𝑐𝑜𝑛𝑒 ∙ 𝑊𝑟𝑜𝑐𝑘 =  𝜋∙𝑟
2∙ℎ
3

∙ 𝑊𝑟𝑜𝑐𝑘      ( 3-1 ) 

where  R: Load capacity of the rock bolt [kN] 
Vcone:  Volume of the rock cone [m3] 
Wrock:  Specific weight of the rock mass [kN/m3]  
r:  Geometrical quantity, defined in Figure 3-2 [m] 

 h:  Geometrical quantity, defined in Figure 3-2 [m] 
 

 

Figure 3-2: Rock cone failure. Schematic display of the shape that is assumed for the  
rock cone in Equation (3-1). Reproduction from Larsson (2008). 

Adhesive failure; rock and grout  

The bearing capacity for the interaction between rock and grout is a type of pull-out failure 
and is given by Equation (3-2). 

𝑅 = 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∙ 𝑐𝑔𝑟𝑜𝑢𝑡.𝑟𝑜𝑐𝑘       ( 3-2 ) 

where  R:  Load capacity of the rock bolt [kN] 
Asurface:  Surface area of the interface rock-grout (bore hole) [m2] 

 cgrout.rock:  Adhesive strength constant, rock and grout [kN/m2] 

The adhesive strength c𝑔𝑟𝑜𝑢𝑡.𝑟𝑜𝑐𝑘 depends on the properties of both the rock and the grout. 
The strength is reduced for rock mass with more cracks as well as for grout that is damaged 
from for example frost (Ekström et al. 2013). It is an approximation to assume the adhesive 
strength to be constant, since it actually varies along the bar (Larsson 2008). The bearing 
capacity can be increased by enlarging the bearing area (Eriksson & Gasch 2011). 

The failure mode can be seen as a pull-out failure since neither the rock or the steel bar is 
significantly damaged.  
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Adhesive failure; steel and grout  

The theory regarding this failure criterion is analogous to the already described bearing 
capacity for the interaction between rock and grout (Larsson 2008). Accordingly, the bearing 
capacity can be calculated with Equation (3-3). 

𝑅 = 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∙ 𝑐𝑔𝑟𝑜𝑢𝑡.𝑠𝑡𝑒𝑒𝑙     ( 3-3 ) 

where  R:  Load capacity of the rock bolt [kN] 
Asurface:  Surface area of the steel bar [m2] 

 Cgrout.steel:  Adhesive strength constant, grout and steel [kN/m2] 

The adhesive strength constant 𝑐𝑔𝑟𝑜𝑢𝑡.𝑠𝑡𝑒𝑒𝑙 is greater for profiled and ribbed bars than for 
smooth bars. Eventual corrosion will reduce the diameter of the steel bar which thereby 
decreases its surface area. The original, undiminished diameter and thus also the original 
surface area of the steel bar should despite that be used in the formula. Effects due to 
corrosion will instead be adjusted for in the choice of adhesive strength constant (Ekström et 
al. 2013). 

Adhesive failure; concrete and steel  

The bearing capacity for the steel bar for this failure mode is given by Equation (3-4) in 
accordance with BBK04 (Boverkets rule collection on concrete structures).   

𝑅 = 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∙ 𝑓𝑏 = 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∙ (𝜂1 ∙ 𝜂2 ∙ 𝜂3 ∙ 𝜂4 ∙ 𝑓𝑐𝑡𝑑 + 𝑓𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒)   ( 3-4 ) 

where  R:  Load capacity of the rock bolt [kN] 
Asurface:  Surface area for the part of the steel bar embedded in concrete [m2] 
fb:  Adhesive strength, steel – concrete [kPa] 
fctd: Tensile strength of the concrete [kPa] 
ftransverse: Strength of transverse reinforcement [kPa] 
ηx:  Constants reflecting position and type of reinforcement [-]. 

Specified in BBK04 Section 3.9.1.2. 

For this failure mode the ambiguity lies in how to define the tensile strength fctd of the 
concrete surrounding the steel bar. To use the standard value for recently hardened concrete 
would not give a representative result because degradation of the concrete and steel bar ought 
to be reflected upon.  
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Tensile failure; steel bar 

Steel failure, which is a ductile failure, will occur when the maximum tensile capacity of the 
steel is exceeded (Eriksson & Gasch 2011). According to Larsson (2008), steel failure does 
normally represent the design failure mode for grouted rock bolts in dam structures. 

𝑅 = 𝐴𝑠,𝑡 ∙ 𝑓𝑦𝑑      ( 3-5 ) 

where  R:  Load capacity of the rock bolt [kN] 
As,t:  Effective cross Sectional area of the bar [m2] 

 fy.d:  Design strength of the steel [kPa] 

The failure load is given by Equation (3-5), which is a rather straightforward equation. The 
problem lies instead in how to define the inherent parameters. To only use the original values 
can give misleading results since the steel eventually will lose some of its strength due to for 
example corrosion. A good approach would therefore be to take eventual degradation of the 
steel bar into account (RIDAS 2011). The yield strength of the steel will however remain 
unchanged. It is the cross-sectional area that will be reduced as the rock bolt gets corroded. 
𝐴𝑠,𝑡 does accordingly represent the actual cross-sectional area of the rock bolt and is hence 
depending on how far the corrosion process is developed. The corrosion rate is discussed in 
Section 3.5.1. 

Shear failure 

Shear failure is possibly the most interesting failure mode since it is relevant for sliding 
failure of concrete dams. For gravity dams, the horizontal external forces poses the largest 
problem. The main objective of the structure is to transfer these forces down in the 
foundation. In the sliding plane (in this case the interface between concrete and rock) the 
horizontal forces can thus be substantial. The grouted rock bolts are consequently exposed to 
significant transversal forces and transverse deformations which ultimately will cause shear 
failure. One can intuitively understand that transversal force poses a larger problem for 
embedded reinforcement bars than axial forces, at least for sliding failure. The axial forces are 
however the dominant ones when the dam is subjected to overturning.  

An increased strength of the rock mass will result in a reduced load resistance against shear 
failure for the grouted rock bolts. In hard crystalline rock, which is the normal situation in 
Sweden, shear failure will thus occur rather than axial failure (Holmberg 1991). 

The load capacity of the rock bolts is described by the Equation (3-6) in accordance with 
Avén (1984).  

  𝑅 = 𝐴𝑠,𝑡 ∙ 𝑓𝑦𝑑 ∙ (𝜇 ∙ sin𝛼 + cos𝛼)     ( 3-6 ) 

where  R:  Load capacity of the rock bolt [kN] 
As,t:  Effective cross-sectional area of the steel bar [m2] 
μ: Friction component [-] 
α: Inclination of the rock bolts [°]  

 fy.d:  Design strength of the steel [kPa] 
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While the possible inclination α of the rock bolts is allowed for in Equation (3-6), the 
calculated force R represents the vertical force resultant of the rock bolts shear capacity. The 
friction component μ is a function of the friction angle of the sliding surface and is therefore 
mainly depending on the type and quality of the rock mass. The situation discussed and the 
inherent parameters in Equation (3-6) can be seen in Figure 3-3.  

 

Figure 3-3. Shear failure. Reproduction from Avén (1984). 

3.4 How rock bolts can increase the dam stability 

Grouted rock bolts are installed in the interface between rock mass and concrete in concrete 
dam structures as an additional safety measure. They can theoretically contribute to increase 
both the stability against sliding as well as overturning. One can however realize that they 
cannot increase the bearing capacity of the dam foundation since the rock bolts are inactivate 
as long as they are not exposed to tensile stresses.  

3.4.1 Sliding 

When the dam is exposed to sliding, the probable failure mode of the rock bolts is shear 
failure. In the corresponding stability calculations for sliding, the vertical force component of 
the bolts’ shear capacity is thus added to the sliding stability equation (Equation (2-6)) as one 
of the forces perpendicular to the sliding plane. The factor of safety will thus in theory be 
improved by the contribution from the rock bolts. It is however important to realize that 
grouted rock bolts, as opposed to tensioned rock bolts, will not contribute in the serviceability 
stage, but merely in the ultimate stage. That is because grouted rock bolts are inactive until 
subjected to tensile stresses. The pre-tensioned rock bolts on the other hand are, as the name 
indicates, already tensioned which mean that they will have a cohesive effect from the start 
and can thus to some extent prevent crack propagation in the rock mass and concrete 
(Ekström et al. 2013). 
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3.4.2 Overturning 

The factor of safety against overturning is in theory increased when installing grouted rock 
bolts because the stabilizing moments are increased (Ekström et al. 2013). The contribution of 
the rock bolts is its load capacity multiplied with the lever-arm with respect to the chosen 
overturning axis. Attention must hence be made not only to the assigned load capacity but 
also to where the rock bolts are located. The prevailing load capacity in case of overturning 
failure is normally the tensile load capacity of the rock bolts.  

Furthermore, one must consider whether the dam foundation is subjected to tensile stresses. 
The rock bolts can only contribute to the overturning stability if they are subjected to tensile 
stresses. That is because they are not activated in their initial state (unlike pre-tensioned rock 
bolts) and can thus not contribute to the stability when exposed to axial compressive stresses. 
Additionally, failure due to overturning is not plausible for a dam whose foundation is 
completely under compression, and even if so, the rock bolts would thus not be able to 
contribute to the safety because they would be inactive.  

3.5 Degradation of reinforcement 

All construction materials are exposed to different types of destructive processes. Some of 
these are natural processes associated with ageing of the material while others are due to 
external influence. Altogether, these processes form and define the technical life span of the 
structure, which is the time the material is able to act as intended. The materials ability to 
withstand these destructive processes is called its resilience. This is however a broad and 
vague term, why one is normally using it in a more explicit context as for example “resilience 
against corrosion”. 

This report aims at describing the effect that grouted rock bolts can have for the stability of 
dam structures. The state and condition of the rock bolts is therefore of interest. Objective of 
this section is to describe the different destructive processes that can affect reinforcement bars 
embedded in concrete. The main focus will be on corrosion and its causes, influencing 
parameters and consequences. According to Zandi Hanjari (2010), corrosion of the 
reinforcement is one of two major causes for deteriorating in concrete structures, the other one 
being freezing of the concrete.  

3.5.1 Corrosion 

Corrosion is essentially a fully natural electrochemical destructive process. Metals resilience 
against corrosion will thus be a matter of through suitable methods slow down the corrosion 
(Burström 2007). 

Carbonization 

Carbonization of concrete is a chemical process that ultimately leads to corrosion of the 
embedded reinforcement bars. The process is illustrated in Figure 3-4 and described below. 
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For fresh concrete, the reinforcement is initially well protected from corrosion because the 
high pH value of the concrete (pH 12.5) passivate the reinforcement bars. No corrosion can 
therefore arise as long as the steel bar is covered by concrete of good quality. Concrete in a 
moisture environment is however subjected to the carbon dioxide (CO2) in the air. The carbon 
dioxide will diffuse into the concrete and carbonate the chloride and thereby reducing the 
concrete’s pH value. This carbonization process gradually advances deeper into the concrete 
with a well-defined front. When the carbonization front finally reaches the reinforcement, the 
steel will at once be depassivated and thus vulnerable for oxygen (O2) that will cause 
corrosion.  

 

Figure 3-4: The carbonization process.  
Reproduction from Nordisk Stenimpregnering (n.d.). 

The first phase of the carbonization process, during which the reinforcement is still passivated 
(part 2 of Figure 3-4), is called the initiation stage. In this stage the performance and load 
carrying capacity is more or less unchanged. The initiation stage ends and the propagation 
stage begin as the reinforcement bars are depassivated (part 3 of Figure 3-4). The corrosion of 
the reinforcement is then activated and will continue until an unacceptable damage level is 
reached. The cross-section of the intact reinforcement bars will gradually decrease during the 
propagation stage and the load carrying capacity will accordingly also be reduced. Meanwhile 
more and more corrosion products are created and the internal pressure is increased until the 
internal pressure in the structure until it eventually will result in cracking and spalling of the 
concrete cover (part 4 of Figure 3-4) (Wall 2014). 

When the corrosion is initiated, its speed is mainly determined by how fast the oxygen can 
diffuse towards the steel. Oxygen has the function as electron acceptor and is thus one of the 
prerequisites for corrosion, whereas the other one is an available electrolyte (normally water). 
Other influencing factors are the temperature, pollutants in the electrolyte (water) and the 
density of the surrounding concrete (Burström 2007). When the surrounding concrete or rock 
mass contains cracks, the corrosion process will go faster since water, accompanying 
pollutants and aggressive ions easier can diffuse towards the reinforcement bars (Ekström et 
al. 2013). Diffusion is a process powered by concentration gradients. Soluble substances will 
in accordance with Fick’s first law diffuse from places of high concentration to where the 
concentration is lower (Peham & Terzic 2013). 
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Corrosion rate 

The corrosion rate for reinforcement bars embedded in concrete is evaluated by measuring the 
mass lost. When experimentally measuring the corrosion rate, the mass of the reinforcement 
bar is measured before and after the exposure period. Important is to cleanse the bar from 
corrosion products and concrete scrapings before weighting it. The corrosion rate is normally 
measured in μm/year and is depending on the type of steel, chloride content and surrounding 
environment. Defects in the concrete (e.g. cracks) can also influence and initiate local 
corrosion and thereby increase the corrosion rate (Ahlström & Sederholm 2013).  

Figure 3-5 is from Ahlström (2012) and demonstrates how the corrosion rate depends on the 
relative humidity in the concrete. On the upstream side, onto which the water is dammed, the 
relative humidity in the concrete is 100% (fully saturated concrete). According to data from 
SMHI (2013), the relative humidity in the air is normally between 85-90% in January and 80-
85% in July. These data is the mean value from collected observations 1996-2012 and refers 
to the part of Sweden where the dam Storfinnforsen, studied in Chapter 4, is located. The rock 
bolts are located near the upstream front of the dam and the relative humidity is thus assumed 
95%.  

Provided an assumed relative humidity of 95%, the corresponding corrosion rate is according 
to Figure 3-5 given within the interval 40-180 μm/year. For the continuous work in this 
report, an averaged corrosion rate of 60 μm/year will be assumed. The corrosion rate used in 
the stability analyses performed in this report will however be varied as explained in Section 
3.6.2   

 

Figure 3-5: Corrosion rate. On the x-axis is the relative humidity  
in the concrete intended (Ahlström 2012) 

Consequences 

There are mainly two negative effects following from corrosion of reinforcement bars 
embedded in concrete. First of all, the cross-section is decreased since parts of the bar will be 
corroded and the load carrying capacity is reduced as a result. Secondly, the corrosion 
products generated have two to five times larger volume than the original steel bar. 
Consequently a high pressure will arise which eventually will lead to cracks emerging in the 
concrete along the reinforcement (Burström 2007). These cracks will not only reduce the 
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strength of the concrete but also weaken the bond strength between reinforcement and 
concrete. The impact on the bond strength is however depending on several factors and is thus 
difficult to properly model (Lundgren 2004). Important factors are the type of reinforcement, 
the eventual presence of transversal reinforcement, the diameter and spacing of the bars, the 
concrete cover and the concrete strength (Zandi Hanjari 2010). 

3.5.2 Leaching 

Leaching has a large part in the degradation of concrete structures and also indirect in the 
corrosion of reinforcement bars. It leads to an enlarged porosity and permeability which ease 
the carbonization process and thus also the growth of corrosion.  

Leaching is initiated when a fluid comes into contact with a solid material containing soluble 
components. During the following process the components of the solid material will dissolve 
into the fluid and be transported away, which results in the solid material being leached 
(Peham & Terzic 2013). Basically, the leaching process reflects the general strive of nature to 
reach lower energy levels (Ekström 2003). The active fluid is in most leaching processes 
water, mainly due to its molecular properties. Water is a dipole, which means that it has a 
positive as well as a negative loaded end (Peham & Terzic, 2013). 

Leaching of concrete  

In concrete, the soluble components dissolved by water are mostly constituted of cement 
paste, but might also include certain types of aggregates. Leaching of concrete will 
consequently induce a progressively degradation of the cement paste and thereby a loss of 
strength. The leaching will also induce the corrosion process (Peham & Terzic 2013). 

Moisture and water can diffuse much easier into the concrete if cracks are present. For 
structures exposed to a one-sided water pressure (e.g. dams), the water transport will be 
increased due to larger pressure gradient. Water, oxygen and dissolved ions diffuse into the 
structures through the cracks and cause leaching and ease the corrosion process (Ekström et 
al. 2013). 

Leaching of injection grout 

Injection grout is used to fill up the void space around the bars in order to keep the rock bolts 
in place. The main function of the grout is hence to increase the adhesion between the bars 
and the surrounding concrete or rock mass. Furthermore, the grout itself will act as a 
protective layer for the bars towards the surrounding environment. Injection grout consists of 
a mixture of binders, aggregates, water and additives, whereas sand is the most important 
aggregate component. The binders used can either be hydraulic (cement, hydraulic lime) or 
non-hydraulic (lime) (Burström 2007). 

The properties of the grout are not only depending on its initial properties and composition 
but also on an eventual degradation. The main degradation process is leaching, which is 
normally due to water diffusing through it. Consequently the grout becomes more porous and 
the permeability is increased, which in turn increases the leaching process further. Eventually, 
both its strength and pH-value will be deteriorated resulting in decreased adhesion and 
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corrosion protection, which all together gives a significant worse protection of the 
reinforcement bars (Ekström et al. 2013).  

3.5.3 Methods to protect against corrosion 

Two common methods to protect a metal against corrosion are cathodic protection and 
passivation of the metal surface. Cathodic protection implicate that the whole surface of the 
metal is arranged as a cathode. In practice this means that another less noble metal is arranged 
as anode and the corrosion will as a consequence take place there instead of at the initial 
metal. Other alternatives are corrosion protecting coatings or to use stainless steel (Burström 
2007). 

Regarding corrosion of reinforcement embedded in concrete, the major factors influencing the 
development of corrosion and its effects on the structure is the density of the concrete, the 
thickness of the concrete cover and the thickness of the reinforcement bars. Concrete with a 
low water-cement ratio has a higher density than normal concrete because a reduced 
permeability makes it harder for the water to diffuse through the concrete. Obviously the 
thickness of concrete cover has more or less the same effect; the thicker the cover is, the more 
time is required for the carbonization front to reach the reinforcement bar. The objective is to 
postpone the initiation of the corrosion and thus increase the life span of the structure. The 
third alternative mentioned above, to increase the thickness of the reinforcement bars, is rather 
a precautionary measure what implies that one uses greater dimensions than structurally 
necessary in order to withstand anticipated corrosion (Wall 2014). 

As a conclusion, corrosion can be described as a natural process that cannot be fully avoided. 
The objective when protecting against corrosion is therefore to either slow down the process 
or to compensate for future degradation with precautionary measures.  

Concrete cover 

With the term concrete cover one intend the shortest distance between the surface of the 
embedded reinforcement and the outer surface of the concrete. The required thickness is 
according to Ansell et al. (2013) determined by three criterions: 

- Splitting stresses at anchorage and splicing.  

- Protection of the reinforcement bars from environmental effects (corrosion). The thicker 
concrete cover, the more time is required for the carbonization front to reach the 
reinforcement and corrosion will thereby be prevented for longer. 

- Fire protection. Fire poses a danger against steel because it loses strength when exposed to 
sufficiently high temperatures. The concrete cover can through its fire resilience provide 
protection from the heat.  

Concrete structures are categorized in different exposure classes considering e.g. the risk for 
reinforcement corrosion. A number of exposure classes are consequently defined based on the 
environment or the exposure that the concrete will be subjected to. These exposure classes are 
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included in the national attachment to Eurocode 2 and the requirements refer to the quality of 
the concrete used as well as the thickness of the concrete cover (Ansell et al. 2013). 

3.6 Condition of the rock bolts 

The whole issue whether grouted rock bolts can be included in the stability calculations of 
dam structures comes down to one basic question; can the rock bolts be trusted to have 
sufficient load capacity even after x years? Due to degradation, for example through 
corrosion, the short answer is; no, they will not have the same load capacity after x years. 
That does however not mean that the rock bolts are completely useless. The results presented 
by Larsson (2008) imply the opposite. After 40 years of service, the rock bolts in the 
inspected dam (Hotagen, Sweden) showed no visible suggestion of corrosion or degradation. 
The result of Larsson (2008) indicates thus that the rock bolts could be included in the 
stability calculations for new and old dams. But to what extent? 

3.6.1 Assessing the condition of installed grouted rock bolts 

There are two major problems when controlling and testing the state and strength of grouted 
rock bolts in dam structures. These problems are independent on whether one is testing the 
tensile strength or just inspecting eventual damages. First of all, it is often nearly impossible 
to gain access to the rock bolts without deconstructing the dam. The rock bolts are per 
definition completely embedded in the foundation and the dam body. The second problem is 
that even if one was able to gain access to an installed rock bolt, no test method that does not 
damage the rock bolts itself while testing it exists today (Ekström et al. 2013). 

Disregard of the above mentioned problems, the parameters of interest when evaluating the 
function of grouted rock bolts are according to Ekström et al. (2013): 

- The mechanical properties of the rock mass. Intended properties in order to be able to 
estimate the weight of eventual break-out cones are the cracks and their propagation, strength 
and geometry of the rock mass. Measurements that might be feasible are investigations of 
new drill-holes.  

- The physical properties of the rock mass. This includes estimations regarding the rock 
mass’s ability to transport water, ions and oxygen. These properties are of great importance 
for an eventual degradation of the steel and grout.  

- The mechanical and physical properties of the grout in order to estimate its strength. 
Leaching of the grout would not only reduce its strength but would also undermine the 
corrosion protection for the steel due to lowered pH value.  

- Mechanical and physical properties of the concrete. One is here interested in the strength of 
the concrete but also how far the carbonization front has reached.  
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Conclusions about assessing the state of  rock bolts 

According to Ekström et al. (2013), there are with some exceptions not possible to directly 
and explicitly asses the state of already installed rock bolts in dam structures. One of few 
exceptions is if the anchor rod is accessible. Then, and only then, can its load capacity be 
assessed by applying a given stress. That test method is however destructive and the tested 
rod will henceforth not contribute to the stability of the structure. 

For new dams, there are some possibilities to monitor anchor rods if they are equipped with 
the right equipment. Knowledge obtained from such experiments can then contribute for more 
precise assessments for the condition of rock bolts in old concrete dams (Ekström et al. 2013).  

3.6.2 Assumed condition of the grouted rock bolts 

The major issue is, as discussed earlier, which condition and hence load capacity that can be 
assigned the grouted rock bolts following x years of service. As stated in Section 3.6.1, one 
cannot easily control their condition without simultaneously damage or even destroy the 
structure, why the corrosive process instead must be analytically modeled. In order to be able 
to investigate the influence of grouted rock bolts on the dam stability, one must thus first 
properly model the deteriorating processes affecting the rock bolts.  In the analytical analysis 
in this report, two approaches are used when modeling the corrosive process. 

The first approach is to assign all grouted rock bolts the same corrosion rate, which in turn 
will be varied in order to interpret its influence. The problem with this method is that all 
grouted rock bolts are hence assumed to be equally exposed. Therefore, a second method will 
also be used, by which a corrosive rate is separately assigned to each of the grouted rock bolts 
in the structure. The corrosive rate is derived from a lognormal distribution with a mean value 
60 μm/year that is estimated using Figure 3-5. Consequently, each of the grouted rock bolts is 
assigned a separately corrosive rate from a lognormal distributed random variable.  

One intention when assigning the rock bolts a lognormal distributed corrosion rate is to study 
how a nonsymmetrical degradation would affect the stability of the dam. An example of such 
a nonsymmetrical degradation could be that the rock bolts in the right part of the front-plate is 
much more deteriorated than those in the left part. The approach with lognormal distributed 
corrosion rate is however mainly feasible in a numerical analysis. For an analytical analysis, 
in which the position of the rock bolts relative each other is not considered, only the total 
capacity of the rock bolts is of significance. The inherent distribution of corrosion rate among 
the rock bolts will thus be irrelevant for the outcome of the analysis. Nonetheless, the 
degradation of the rock bolts is in this report only considered in the analytical analysis and not 
in the numerical analysis. How a nonsymmetrical degradation of the rock bolts would affect 
the stability of the dam is hence not studied. 

Lognormal distribution 

In the analytical calculations of the influence of the grouted rock bolts, the corrosive rate and 
hence the condition of the rock bolts is assumed to be lognormal distributed. A lognormal 
distribution is a probability distribution of a random variable whose logarithm is normal 
distributed. The lognormal and normal distributions are thus closely related. Following that 
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log(x) only exists for positive values on x, a lognormal distribution will only generate positive 
values and can be seen as a positive skewed normal distribution (JCSS 2001, Mathwork 
2014).  

The corrosion rate is assumed lognormal distributed. Intuitively one can realize that the 
corrosive rate must be positive and thus is a lognormal distribution a rational option. As 
mentioned earlier in Section 3.5.1, the assumed average corrosion rate is 60 μm/year. The 
corrosion rate is then assumed to be lognormal distributed with mean and standard deviation 
respectively 1.0 and 0.4. That implies a corrosion rate described by the formula 𝑘 ∙ 60 
μm/year where k is lognormal distributed with the mean 1.0 and standard deviation 0.4. The 
lognormal distributed corrosion rate is presented in Figure 3-6.  

 

Figure 3-6: Probability density function for a lognormal distribution with mean value  
60 μm/year and log standard deviation 0.4. 
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4 Evaluation of dam stability 

4.1 Introduction 

In the following chapter the load capacity of the rock bolts and their influence on the dam 
stability is studied. The theory presented in Chapter 2 and 3 are implemented on the Swedish 
buttress dam Storfinnforsen. The results of the study is presented and evaluated in the Results 
(Chapter 5). 

To begin with, the dimensions and structural characteristics of Storfinnforsen are presented in 
Section 4.2. Next, the load capacity for all (theoretically) possible failure modes for grouted 
rock bolts is calculated in Section 4.3. Thereafter the stability of the dam (Storfinnforsen) is 
calculated with an analytical analysis (Section 4.4). Within the analytical analysis, the 
stability of dam is controlled regarding both sliding and overturning. The control is made both 
with and without consideration to the installed rock bolts. To account for the uncertainties 
associated with the condition of the rock bolts, the calculations in the analytical analysis are 
performed with various strengths assigned the rock bolts, an approach that was discussed in 
Section 3.6.2. Moreover, a numerical analysis is performed based on a model of a monolith of 
Storfinnforsen. The numerical analysis is made with the finite element analysis software 
ABAQUS and the model used for the analysis is presented in Section 4.5.  

4.2 Storfinnforsen 

Storfinnforsen is a Swedish concrete buttress dam that functions as a hydropower plant and 
constitutes as Sweden’s largest concrete dam with its 800 m length (E.ON 2008). The dam is 
located in Faxälven far up north in Sweden (approximately the same latitude as Örnsköldsvik) 
which will affect the ice load assigned (see Section 2.4.1).  

Being built already in 1954, the building technique used is not in all parts what can be 
considered as standard today. For example was smooth reinforcement bars used instead of 
profiled bars as grouted rock bolts. Some alternations will therefore be made compared with 
the actual dam construction when calculating the influence of the grouted rock bolts. These 
changes will naturally be explicitly stated when introduced. 
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Figure 4-1: Storfinnforsen seen from downstream (E.ON 2012) and above (Birsta [n.d]). 

The whole dam structure comprehends as many as 81 monoliths each having various sizes 
depending on the terrain. According to Westberg (2010), each monolith in a concrete dam 
functions independently of the others why in this report all calculations are made solely on 
one monolith, monolith 68. Monolith 68 consists of an eight meter front-plate and is 
supported by a buttress with a thickness of two meter. The dimensions of monolith 68 are 
illustrated in Figure 4-2. The material properties assigned the concrete in the dam body is 
presented in Table 4-1.  

Table 4-1: Properties of the concrete 

Quality C30/37 
 Weight 23 kN/m3 

Elastic modulus 33 GPa 
Poisson's ratio 0.2 - 

 

The reinforcement content in the buttress is uniformly distributed both vertically and 
horizontally with bars of diameter 19 mm and c/c-distance 400 mm. The reinforcement 
content is however locally enhanced at the fold of the structure at +264 m. In the front-plate, 
the vertical reinforcement is distributed analogous to the buttress but with halved center 
distance in the central parts where the buttress and front-plate are attached to each other. The 
horizontal reinforcement of the front-plate is on the other hand a bit differently distributed 
with the diameter of the bars decreasing with the altitude from 31 mm at the bottom to 19 mm 
at the top of the dam (Reinforcement drawing, VBB [n.d.]). 

Between the buttresses the front-plate is somewhat supported by an approximate six meter 
high embankment of fill material. The dam is founded on rock of type granite whose 
mechanical properties are presented in Table 4-2. The rock mass is assumed sufficient solid in 
the subsequent calculations in this report, by which is understood that eventual cracks in the 
rock mass will not have any major impact on the stability of the dam.  
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Table 4-2: Material properties of the granite foundation 

Weight 27 kN/m3 
Elastic modulus 50 GPa 
Poisson's ratio 0.25 - 
Friction angle 35 ° 

 

The monolith’s geometry is illustrative presented in Figure 4-2 below. Appendix A embrace 
drawings of the reinforcement content in monolith 68 as well as a drawing with the 
dimensions of the dam. The design that is presented in the appendixes and that the 
calculations are implemented on represents however the old design of the dam. Some 
supplementary measures have thereafter been taken in order to increase the stability of the 
dam. Anchor cables anchored in the rock foundation has been installed to improve the 
stability. Additionally an insulation wall has later been installed to reduce the temperature 
introduced cracks that had appeared in the dam (Malm 2014a). The stability against sliding 
and overturning is hence significantly enhanced in comparison with the situation studied in 
this report. 

 

Figure 4-2: Geometrical overview of the dam Storfinnforsen (monolith 68) 

4.2.1 Grouted rock bolts in the dam 

Monolith 68 is constructed with seven grouted rock bolts uniformly positioned in the front-
plate with a center distance 1.15 m and diameter 25 mm. The rock bolts are smooth 
reinforcement bars of steel quality ks40. The inclination of the rock bolts is the same as for 
the front-plate, hence 14:10, and they are positioned 350 mm from the upstream face of the 
front-plate (see Appendix A.2). The specified embedment depth in the concrete is three 
meters. In the rock mass, the embedment depth of the rock bolts is quantified as at least three 
meters, which satisfy the minimum requirement of three meters specified by Avén (1984). 
The position of the rock bolts is displayed in Figure 4-3 and its material properties are 
presented in Table 4-3.  
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Table 4-3: Material properties of the grouted rock bolts 

Density 7800 kg/m3 
Elastic modulus 200 GPa 
Poisson's ratio 0.3 - 
Yield strength 390 MPa 
Ultimate strength 650 MPa 

 

 

Figure 4-3: Position of the grouted rock bolts.  
Reproduction from Reinforcement drawing, VBB [n.d.] 

4.2.2 Storfinnforsen as a representative example 

An important matter is to what extent the conclusions from the evaluation of Storfinnforsen 
can be assigned a universal significance. This matter must be approached from two 
viewpoints; first one must review which parameters that influence the results and how 
universal these values are. Secondly, one must assess how universal the dam itself is, i.e. how 
representative Storfinnforsen is for the population of concrete buttress dams.  

The shear capacity of the rock bolts is depending on the following parameters; 

- Yield strength of the steel 
- Friction angel of the rock foundation 
- Cross-sectional area of the steel bar 
- Inclination of the rock bolts 
- (Corrosion rate) 
 
Typically the steel quality as well as the size of the bars is of standardized dimensions, why 
these parameters are mutual for most dams. In addition, the friction angle is also practically 
equivalent for most buttress dams in Sweden since many of them are founded on rock mass of 
type granite. Consequently, it is the influence of the rock bolts inclination that distinguish the 
results obtained from different dams. The influence of the bolt inclination is however quite 
small why the result of the shear capacity can be assigned an essentially global significance.  



 

39 

 

Whether Storfinnforsen is truly a representative example of a concrete buttress dam is 
difficult to say. Monolith 68 has indeed a for buttress dams archetypical shape but the broad 
range of sizes of existent buttress dams makes it difficult to transmit the results from monolith 
68 to all buttress dams. The calculations most influenced by the shape of the dam are the 
stability calculations. Therefore it is doubtful to what extent the results regarding the rock 
bolts effect on the stability against sliding can be interpreted universal. 

However, Storfinnforsen comprehends as many as 81 monoliths ranging in height from two 
meters to approximately 40 meters. Storfinnforsen can thus be seen as representative for 
buttress dams of nearly all possible sizes. In conclusion, if one would evaluate more than one 
of its monoliths (preferably of various sizes) Storfinnforsen would be an ideal representation 
of buttress dams. In this report is however only monolith 68 evaluated.   

4.3 Load capacity of the grouted rock bolts 

The different load capacities for grouted rock bolts are calculated for monolith 68 of 
Storfinnforsen. The structural and material properties of monolith 68 are thus implemented on 
the theory presented in Section 3.3, whereupon the results are presented in Section 5.1. For 
full understanding, this section ought to be seen in context with the equations presented with 
the theory in Section 3.3.  

Rock cone failure 

Cone-failure is mainly of interest for the rock bolts with large inclinations. In Storfinnforsen 
all rock bolts have the same inclination (14:10) why the calculations are identical for them all. 
The embedded length is assumed to be three meters in the rock mass, which was implied by 
the dam’s construction design and also meets the minimum requirement given by Avén 
(1984). The actual length of the in the rock mass embedded rock bolt might however be 
significantly shorter, as noticed at Hotagen Dam by Larsson (2008). If a shorter length of the 
bar is assumed, the bearing capacity of this failure mode is decreased. The rock mass is of 
type granite and the weight is therefore assumed to be 27 kN/m3 in accordance with Table 
4-2. 

Adhesive failure; rock and grout 

The adhesive strength constitutes the surface area times the adhesive strength constant. For 
the granite–grout relation, an adhesive strength constant of 2-5 MPa is endorsed by Avén 
(1984). The rock mass in the foundation of Storfinnforsen is granite of assumed good quality 
and an adhesive strength value of 4 MPa is thus assumed. The surface area should be 
understood as the surface area of the interface between grout and rock. The surface area will 
thus have an inner diameter which is the sum of the diameter of the bar and the thickness of 
the covering injection grout.  

It is assumed that the reinforcement bars are covered by a 15 mm thick grout layer whereas 
the minimum requirement is 10 mm according to Avén (1984). The original diameter of the 
reinforcement bar (25 mm) is used because eventual deterioration should be considered in the 
adhesive strength constant.   
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Adhesive failure; grout and steel  bar 

The calculations are made analogous to the adhesive failure between rock and grout. That 
implies that the original diameter of the steel bar is used here as well. The adhesive strength 
constant is for instance depending on the condition of the grout. Due to difficulties to verify 
its condition after x years, the grout is assumed to be in a bad condition and its compressive 
strength is thus assumed to be 20 MPa. This corresponds to an adhesive strength constant of 
1.2 MPa, which is the lowest value in Table 15.42a given by Avén (1984). 

Adhesive failure; concrete and steel  

The adhesive strength for the steel – concrete relation is calculated following the guidelines 
given by Section 3.9.1.2 BBK (2004). The in Equation (3-4) inherent coefficients ηx are 
assigned values in accordance with Table 4-4. The concrete strength class is assumed to be 
C30/37 due to the minimum requirements correspondent to the exposure class XC4 required 
by BKR 03. The mean axial tensile strength is thus 2.9 MPa, which give a design axial tensile 
strength of 1.7 MPa. Altogether an adhesive strength of 1.4 MPa is obtained.   

Table 4-4: Assigned values for the coefficients ηx in Equation (3-4)  
Based on guidelines in Section 3.9.1.2 BBK 04 

Coefficient Value Cause 
η1 0.9 Smooth hot-rolled steel. 

η2 0.8 
Inclination is more than 20° and the 
concrete is not non-cracked.  

η3 1.0 No bundling of the bars. 
η4 1.0 Smooth reinforcement bars. 

Tensile failure; steel bar 

The grouted rock bolts used in Storfinnforsen have the steel quality ks40 which implies a 
characteristic yield strength of 390 MPa. The design strength is hence derived as 260 MPa 
when using a partial coefficient of 1.5. The degradation of the steel bar is considered through 
the use of a reduced diameter.  

In modern structures steel of quality B500B would be used rather than ks40 that was used in 
Storfinnforsen. Therefore, analyses have also been performed for quality B500B.  

Shear failure 

As described in Section 3.3 and by Equation (3-6), shear load is the tensile load capacity of 
the steel bar multiplied with a factor taking both the inclination of the bolts as well as the 
friction angle of the sliding surface into account. The sliding surface regarded in 
Storfinnforsen is the interface between rock mass and concrete. The rock mass of type granite 
is assumed to have a friction component 𝜇 of 0.7.  The inclination of the rock bolts is as 
already mentioned 14:10. 
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4.4 Analytical stability calculations 

In this section, the stability of monolith 68 of Storfinnforsen is analytically analyzed. The 
theory presented in Section 2.4 is thus implemented using the dimensions and characteristics 
of monolith 68. The results of these calculations are subsequently given in Section 5.2.    

First the external and internal forces acting on the dam is discussed in Section 4.4.1. In 
Section 4.4.2 the stress distribution on the dam foundation is treated. Thereafter the stability 
against sliding and overturning is discussed in Section 4.4.3 and 4.4.4 respectively.  

4.4.1 Forces acting on the dam 

The theory, regulations and equations on how to define and calculate the involved forces are 
introduced in Section 2.4.1. In this section, it is described how these equations and theories 
are used and which values the involved parameters is assigned when implemented on 
monolith 68 of Storfinnforsen.  

Self-weight 

The volume of monolith 68 is estimated as 586 m3. The whole volume is assumed to be 
composed of homogeneous reinforced concrete with a weight of 23 kN/m3. The weight of the 
reinforced concrete is assigned in accordance with RIDAS (2011). Monolith 68 does not have 
any build-in spillway or similar and consequently such a weight does not need to be 
incorporated in the self-weight.  

Hydraulic water pressure 

The front-plate is inclined 14:10 why there will be a horizontal as well as a vertical force 
component of the hydraulic water pressure. Upstream the reservoir water surface is at +273 m 
while the downstream water surface is assumed to adjoin the rock bed at +254.02 m. The 
water table will accordingly be 19 m. The corresponding maximal horizontal water pressure 
will thus be 190 kPa. The vertical component of the hydraulic water pressure is the weight of 
the water mass above the inclined surface of the front-plate. 

Ground pressure 

The calculations presented in Section 4.4.2 demonstrates that the whole dam foundation is 
under compression. Together with the fact that it is a buttress dam, RIDAS (2011) prescribes 
that the uplifting pressure will be linear declining under the front-plate whilst the uplifting 
pressure under the buttress can be neglected. Consequently there will only be uplifting 
pressure under the front-plate, whose width is two meters. The ground pressure will 
accordingly be linear declining under the front-plate from H, which represents the upstream 
water table (19 m), to h that represents the downstream water table (0 m). The maximum 
uplifting pressure will accordingly be equal to that for the horizontal water pressure, namely 
190 kPa.  
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Ice load 

The dam Storfinnforsen is located far up north in Sweden (approximately the same latitude as 
Örnsköldsvik) and consequently a 1.0 m thick ice with a line load 200 kN/m is assigned in 
accordance with RIDAS (2011). The force resultant of the ice load is assumed to act at a third 
of the ice thickness from its upper surface, i.e. at an altitude of +272.6 m, given a maximum 
water surface at +273m.  

Earth fill  pressure 

On the downstream side, the dam is supported between the buttresses by 2.5 m high 
embankments of earth fill material. The horizontal pressure of these is however neglected in 
the stability calculations since their contribution is small. Because they act favorable for the 
stability of the dam, an exclusion of the earth fill pressure from the calculations will not 
negatively affect the absolute safety of the dam.  

Traffic load 

The crest of Storfinnforsen is built with one traffic lane that is only intended for maintenance 
work. The dam crest is as a result not subjected to any continuous traffic why the traffic load 
is neglected in the stability calculations.  

Grouted rock bolts 

In Section 3.4 the theory behind the rock bolts contribution to the dam’s stability is discussed. 
Because the dam foundation is completely under compression, see Section 4.4.2, the grouted 
rock bolts does not contribute to the overturning stability. The rock bolts contribution to the 
sliding stability are their shear capacity calculated as described in Section 4.3. Since there are 
seven grouted rock bolts installed in the front-plate, the total contribution of them will thus be 
as stated in Equation (4-1). 

𝐹𝑏𝑜𝑙𝑡𝑠 = 𝑅𝑠ℎ𝑒𝑎𝑟 ∙ 𝑛𝑏𝑜𝑙𝑡𝑠 = 𝑅𝑠ℎ𝑒𝑎𝑟 ∙ 7.     ( 4-1 ) 

where  Fbolts:  Vertical force resultant for the rock bolts [kN] 
Rshear:  Load capacity of a single rock bolts [kN]. 

 nbolts:  Number of rock bolts [-] 

4.4.2 Stress distribution in the foundation 

The bearing capacity of the dam and the stability against overturning are both strongly 
associated with the stress distribution in the foundation. It is calculated using Navier’s 
formula (Equation (4-2)).  
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𝜎 = 𝑁
𝐴

+ 𝑀
𝐼
𝑦        ( 4-2 ) 

where  σ:  Vertical stress along the foundation [MPa] 
N:  Vertical force resultant [MN]. 
A: Area of the foundation (interface concrete-rock) [m2] 
M: Bending moment [MNm] 
I: Moment of inertia [m4] 

 y:  Position along the y-axis [m] 

Equation (4-2) is applied on the foundation, which implies that the axis of rotation will be in 
the width-direction of the dam. The moment of inertia I is hence defined around the width-
axis and is calculated through the usage of Steiner’s theorem.  

The normal force N is the force resultant of the vertical forces that act on the dam, i.e. the 
resultant of the self-weight, vertical water pressure and the ground pressure. The bending 
moment M on the structure is constituted by the vertical force resultant together with its 
eccentricity relative the geometric center of mass. 

The resulting stress distribution is presented in Section 5.2.2. A schematic overview of the 
variable y is in Figure 5-5 presented together with the dimensions of the foundation and the 
location of the geometric center of mass. 

4.4.3 Sliding 

The factor of safety for sliding expresses the relationship between the forces parallel and 
perpendicular to the sliding plane. The interface between the rock foundation and the concrete 
dam body is chosen as the analyzed sliding plane. For a comprehensive analysis of the safety 
against sliding, also other weak planes in the structure should be evaluated for sliding. 
However, since the main interest is the influence of the rock bolts, solely the interface 
between dam body and foundation is analyzed.  

There is according to RIDAS (2011) sufficient safety against sliding if the calculated factor of 
safety does not exceed the predefined limits. Monolith 68 of Storfinnforsen is founded on 
solid rock why the prescribed factor of safety is 0.75 for normal load combinations and 0.9 for 
exceptional load combinations (according to Table 2-2). The calculated factor of safety is thus 
not allowed to exceed these limits.  

The stability control is made both with and without including the installed rock bolts in the 
calculations. When they are included, their shear capacity is added to the forces perpendicular 
to the sliding plane as described in Section 3.4.1. The contribution to the sliding stability is 
accordingly positive. One must however realize that their contributive force will decrease 
with time due to the degradation of the steel.  

In Section 5.2.3 the results of the calculations of the sliding stability is presented.  



 

44 

 

4.4.4 Overturning 

The safety against overturning should in accordance with RIDAS (2011) be verified by 
calculating the factor of safety. The factor of safety is constituted by the ratio between 
stabilizing and overturning moment. The ratio must be greater than 1.5 for normal load 
combinations. According to Westberg (2010), the overturning moments can be calculated 
around any relevant point in the structure. When controlling the stability against overturning 
for monolith 68 of Storfinnforsen, the downstream toe of the dam is chosen as axis of rotation 
(see Figure 5-4).  

The result of the calculations of the factor of safety against overturning is presented in Section 
5.2.4.  

4.5 Numerical analysis 

The objective with the numerical analysis is to study the possible contribution of grouted rock 
bolts. These results can then be compared with the outcome of the analytical analysis and a 
more truthful conclusion can henceforth be made. Another objective is to study the behavior 
of the sliding surface and how the stresses are distributed in the dam. The main benefit with 
running a numerical analysis in comparison with analytical methods is that the interaction 
between the rock bolts can be more realistic modelled and it also enables a better visual 
interpretation of the situation. The numerical analysis is made with the program ABAQUS 
using ABAQUS/Standard as the equation solver. ABAQUS/Standard is a general-purpose 
finite element analyzer, suitable for analysis of for example static and dynamic problems of 
both linear and nonlinear models. The model geometry as well as included forces and 
interaction properties are defined in ABAQUS/CAE (Complete Abaqus Environment). 

4.5.1 Model of the dam 

The numerical analysis is as well as the analytical analysis based on the geometry of one of 
the monoliths of the buttress dam Storfinnforsen, more precise its monolith 68. The dam body 
is modelled as a solid 3D deformable body, which means that the body may change shape 
and/or volume when external loads are applied. Attached to the dam body is the rock 
foundation that in the model is constituted by a 28x16x5 m body of rock mass. The complete 
model is thus an assembly of three parts; the dam body, the rock foundation and the rock bolts 
respectively. The inherent parts are described below and the model of the dam is displayed in 
Figure 4-4. 
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Figure 4-4: Model of the dam in ABAQUS. In B) the part representing the foundation is 
hidden to show how the grouted rock bolts are modelled. 

The rock mass is modelled as a deformable solid body and extends from the dam body in each 
direction four and five meters respectively. The bottom of the modelled rock mass is 
constrained for all translational degrees of freedom. The rock type is assumed to be granite 
and the mechanical properties associated are presented in Table 4-2. 

The dam body is assigned properties of reinforced concrete of quality C30/37 that are 
presented in Table 4-1. The different parts that together form the dam body, i.e. front-plate, 
buttress and top part, are merged into one homogenous part allowing the dam body to act as 
one solid body with no slip between the individual parts.  

The foundation and the dam body are coupled through friction. The tangential frictional 
component is set to 0.75 what corresponds to the coefficient of friction set by RIDAS (2011). 
The normal behavior is described with the “penalty” function, which allows some elastic slip 
even when the surfaces should be sticking. The penalty method approximates “hard” 
pressure-overclosure behavior and the overall behavior resembles the one of a spring. 
Additionally, separation after contact is allowed for the interaction between dam body and 
foundation (Dessault Systémes 2012).  

The grouted rock bolts are modelled as 3D deformable solid beam elements. Characteristic for 
beam elements is that the cross-sectional dimensions are small compared to the dimensions 
along the axis of the beam. Beam elements have a defined axial stiffness, bending stiffness 
and torsion and can thus allow additional flexibility when subjected to transverse shear 
deformation. For a dam that is exposed to major external horizontal forces, the rock bolts will 
be subjected to bending. It is therefore preferable to model the rock bolts as beam elements 
instead of truss elements, since truss elements only transmit axial forces (Dessault Systémes 
2012).  

The rock bolts are defined with a circular cross-section and 25 mm diameter. The steel quality 
is ks40 and the corresponding material properties are specified in Table 4-3. The rock bolts 
are in the model given an isotropic nonlinear behavior. ABAQUS/CAE does require the input 



 

46 

 

for the plastic behavior to be given as true stress (Cauchy stress) and logarithmic strain (true 
strain), which imply that the yield stress and plastic strain must be converted. The difference 
is that the true stress refers to the instantaneous cross-section and not to the original reference 
cross-section, which is the case of yield stress (Malm 2014b).  

For the interaction between the rock bolts and the surrounding concrete and rock mass, the 
“embedded region” function is specified. The embedded region function defines that the 
response of the embedded nodes (the bolts) will be constrained by the behavior of the host 
elements, i.e. the concrete in the dam body and the rock mass in the foundation (Dessault 
Systémes 2012).  

Load procedure 

The numerical analysis is divided into three consecutive load steps. First of all is however the 
initial interactions and boundary conditions regarding the contact behavior established. The 
frictional relationship between foundation and dam body is created and the movements of the 
bottom of the foundation are completely constrained. Thereafter the three loads steps follows. 

In the first load step the internal loads are applied, which in this model solely comprehends 
the self-weight of the dam body. In the second load step the external loads are applied in 
increments of 10%. The setup allows the normal force and hence the frictional forces to be 
initiated as the external loads are gradually applied and thereby the response of the model is 
stabilized. However, to enforce failure of the dam, a third load step is defined in which the 
loads are increased in increments of 25% until they reached the amplitude 400%. The purpose 
of the last load step, in which the dam is enforced to failure, is to be able to study the behavior 
and contribution of the grouted rock bolts when the dam undergoes sliding.  

The self-weight is defined as a gravity load. Gravity loads are characterized by a uniform 
acceleration in a fixed direction, in this case the z-direction. The gravity load is assigned to 
the dam body and is thus associated with the already defined density of the reinforced 
concrete (Dessault Systémes 2012).  

The external forces are all pressure loads with the hydraulic water pressure defined as a 
hydrostatic pressure load and the ice load is given a uniform distribution. The ground pressure 
on the other hand is defined as a linear declining pressure as illustrated in Figure 5-4. All the 
external forces are implemented in increments of 10% in order to stabilize the reaction of the 
model. Figure 4-5 displays how the external forces are defined in the numerical analysis. 
Their magnitudes correspond to what has been calculated in the analytical analysis.  
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Figure 4-5: How the external force acts on the dam. 
In A) are the ice load and the ground pressure displayed. In B) the water pressure. 

     

Mesh 

The structural behavior is in a finite element model defined in a number of discrete points 
called nodes that together form elements. The inherent values are calculated in each node and 
the behavior is then interpolated between the nodes. Depending on how many nodes each 
element have, either a linear or a quadratic interpolation can be made, whereas the quadric 
interpolation is more accurate but also computational more expensive. Generally, taking 2D 
quadrilateral elements as an example, four-noded elements are associated with linear 
interpolation while eight-noded with quadric interpolation. Together the elements with their 
edges, vertices and faces form what is called a mesh. When working with finite element 
analysis, the mesh more specific refer to the arrangement of finite elements that are defined 
on the model. The density of the mesh reflects the average size of the inherent element and 
does strongly influence the accuracy of the result but does also govern the computational 
effort required (Dessault Systémes 2012, Malm 2014b).  

In ABAQUS/CAE, instances are created of the defined parts and are positioned relative to 
each other to form the assembly of the model.  An instance can either be dependent or 
independent and that will determine how the mesh is defined. A dependent instance shares the 
geometry and the mesh of the original part (Dessault Systémes 2012). The instances created 
in the analysis of monolith 68 are “dependent”. Therefore the mesh is realized on the inherent 
parts and not on the associated instances, which would be the case for an independent part 
instance. The defined mesh is described below for each part of the model and the meshed 
model as whole is displayed in Figure 4-6. 
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Figure 4-6: Illustration of how the model of monolith 68 is meshed. 

The rock bolts are modelled as beam elements and meshed with two-noded linear beam 
elements of type B31. It is a cubic element, which indicate that each element have six active 
degrees of freedom. The elements are assigned the global seed size 0.6. In ABAQUS, seeds 
are defined along the edge of the chosen region and specify the target mesh density. A smaller 
specified global seed size will thus result in a denser mesh which will give more accurate 
modelling but it will also be computational more expensive (Dessault Systémes 2012). 

Due to its complex topology, the dam body is meshed with the so called “free mesh” 
technique, which is the most flexible top-down meshing technique. Oppose to “structured 
meshing”, the free meshing technique use no predefined mesh patterns and can therefore be 
implemented on more complex model shapes. However, that implies that one cannot predict 
the mesh pattern and does therefore have less control over it, why structured meshing is 
preferable if possible. The dam body is a three-dimensional region and tetrahedral shaped 
elements is thus used to mesh the part. A tetrahedron is a three dimensional solid that consist 
of four triangular faces, which imply that it has in total four vertices and six edges. The 
chosen element type for the dam body is as 10-noded quadratic tetrahedrons, i.e. C3D10. Due 
to possibly less precise convergence, quadratic tetrahedral elements are normally avoided 
(Dessault Systémes 2012). That can however be neglected in this analysis since the interest 
lies in the behavior of the dam as whole rather than the individual elements. 

The geometry for the foundation is not as complex as for the dam body, why a less dense 
mesh is used. 8-noded linear brick elements (C3D8R) are used with a global seed size of 1.5.  

Altogether, the model comprehends approximately 24000 nodes and 14600 elements.  
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Simplifications 

To obtain a more manageable model and to put focus on the influence of the rock bolts, some 
simplifications are made compared to the actual dam.  

The interface between the dam body and the rock mass is modelled as a horizontal surface, 
which is not a truthful representation of the actual conditions. To get an indication of the scale 
of the modification, one can compare the features of the base of the dam body in Figure 4-2 
and Figure 4-4. The reason for this simplification is that a more realistic representation of the 
interface (as in Figure 4-2) would be considerably more time consuming to model but would 
not necessarily lead to a more accurate assessment of the rock bolts.  

The position of the rock bolts is slightly adjusted in order to be embedded by concrete or rock 
mass along their entire length. Due to the former simplification with a horizontal interface 
between foundation and dam, parts of the rock bolts would have been exposed in the air when 
in their actual position. In order to maintain the same inclination as the front-plate, the rock 
bolts are therefore translated approximately 0.5 m into the dam body. In their new position, 
they are positioned parallel to the upstream face of the front-plate, 460 mm into the structure. 
That is in contrast to the 350 mm quantified on the drawings (see Apendix A.2). 

4.5.2 Output variables 

When running a numerical analysis in ABAQUS, two types of output variables exists; field 
output and history output respectively. The general distinction between them is that the field 
output refers to data distributed spatially over the whole model, while history output refer to 
data at specific points or data which characterize the model as whole (Dessault Systémes 
2012). Using the translational displacement as an example, the field output would describe 
how the displacements vary over the modeled structure, i.e. it is possible to interpret at which 
part of the model that the displacements are largest. The correspondingly history output would 
instead focus on one specific point of the model and describe how the displacements varies 
with time for that specific point. 

There are two objectives when running the numerical model with ABAQUS/Standard; first 
off to observe how the dam reacts to the external forces, i.e. what type of failure mode will 
occur. In addition, the rock bolts and their behavior is to be studied. To be able to thoroughly 
study the grouted rock bolts, history output are requested for the middle one of the seven rock 
bolts. History output is also requested for the interface between foundation and dam in order 
to study how the pressure is distributed and how the contact develop.  

The variables of interest are the von Mises stress, reaction forces, concentrated forces, 
translations and rotations, stress components and contact variables. The von Mises stress is 
used when determining whether a construction part, preferably an isotropic and ductile metal, 
will yield by comparing it to the materials yield stress. Accordingly, the von Mises stress are 
principally used in the analysis of the rock bolts.   

For the dam base, the contact pressure (CPRESS), contact shear (CSHEAR) and the status of 
the contact surface (CSTATUS) are of interest. The output for the contact pressure variable 
represents the pressure normal to the selected surface (in this case the foundation surface), 
whereas the contact shear represents the frictional shear stresses (tangential to the surface). 
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The ratio between the contact shear and pressure express the frictional coefficient of the 
surface and is naturally of great interest for the analysis of sliding failure. The variable 
CSTATUS describes the interaction between the surfaces, i.e. whether the overlapping nodes 
are sticking to each other or have separated (Dessault Systémes 2012).  
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5 Results 

5.1 Load capacity of rock bolts 

The load capacity of the rock bolts for their different possible failure modes are presented in 
Table 5-1 together with the equivalent stresses. These values correspond to the dimensions 
and characteristics of monolith 68 of Storfinnforsen as discussed in Section 4.3.  

Table 5-1: Load capacity of a rock bolt for different failure modes 

Failure mode Load capacity [kN] Load capacity [MPa] 
Rock cone failure 157 319 
Adhesive failure; rock and grout 2073 4224 
Adhesive failure; steel and grout 283 576 
Adhesive failure; concrete and steel 328 668 
Tensile failure; steel bar 128 260 
Shear failure; steel bar 147 299 

 

The three failure modes that, judging from Table 5-1, appears most likely to occur is 
evidently rock cone failure, shear failure and tensile failure respectively. Although these three 
failure modes have relatively equal load capacities, the likelihood for them to occur is not the 
same. Rock cone failure is often preceded by tensile failure of the steel bar and is thus not 
likely to occur in reality. Whether shear or tensile failure will constitute as the design load 
capacity of the rock bolts depends on the stability of the dam as whole. If the dam is subjected 
to sliding, the rock bolts will be subjected to major transversal forces and eventually shear 
failure. For overturning failure, tensile failure of the rock bolts is most likely to occur since 
they are subjected to axial forces (Ekström et al. 2013).  

In Sections 5.1.1 and 5.1.2 the load capacity for shear and tensile failure respectively are 
presented as functions of the degradation of the rock bolts.  

5.1.1 Shear load capacity 

At initial state, when the grouted rock bolts can be assumed able to utilize their full cross-
section, their load capacity for shear failure is 300 MPa. The shear capacity does thereafter 
decrease in step with the ongoing corrosive degradation.  This process can be viewed upon in 
Figure 5-1 in which the shear capacity is plotted as a function of time for a range of corrosion 
rates.  
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Figure 5-1: Shear capacity of the rock bolts as function of corrosion rate 

The regulations in RIDAS (2011) allow for certain types of dams a load capacity of 140 MPa 
to be utilized. The special requirements for when this is true are more thoroughly specified in 
Section 3.1. Figure 5-2 displays how many years it would take, given an arbitrary corrosion 
rate, to arrive at such a shear capacity. For the in Section 3.5.1 discussed corrosion rate 60 
μm/year, it would judging from Figure 5-2 take approximately 130 years for steel of quality 
ks40 to arrive at a shear capacity of 140 MPa. Given a design life span of 100 years, the 
corresponding corrosion rate that according to Figure 5-2 would give the shear capacity 140 
MPa is 80 and 100 μm/year when using reinforcement bars of steel quality ks40 and B500B 
respectively.  
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Figure 5-2: Relationship between corrosion rate and required time for the shear capacity to 
reach the by RIDAS (2011) allowed 140 MPa. 

5.1.2 Tensile load capacity 

The tensile capacity is depending on the load carrying cross-sectional area of the rock bolts 
and is thus affected by the corrosion rate. The relationship between assumed corrosion rate 
and tensile load capacity is displayed in Figure 5-3. 
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Figure 5-3: Tensile capacity of the rock bolts as function of corrosion rate 

From Figure 5-3 as well as Table 5-1, it is evident that the initial tensile capacity of the rock 
bolts is equal to 260 MPa. This corresponds to the design yield stress of the steel bar (ks40), 
provided a partial coefficient of 1.5.  

5.2 Analytical stability analysis 

In this section the results of the analytical stability analysis is presented. These results 
represent the calculations specified in Section 4.4, which in turn is based on the theory 
introduced in Section 2.4. 

5.2.1 Forces acting on the dam 

The magnitude of the internal and external forces that acts on monolith 68 of Storfinnforsen is 
given in Table 5-2. The positions of these forces are displayed in Figure 5-4. In Figure 5-5 the 
position of the vertical force resultant, N, is displayed together with the dimensions of the 
monolith and the location of the geometric center of mass (denoted N.L in the figure). The 
vertical force resultant N is the resultant of the self-weight, ground pressure and the vertical 
component of the water pressure.  

From Table 5-2 it is evident that the major external force acting on the dam is the (horizontal) 
water pressure. That makes perfect sense since it is after all the dammed water that the dam is 
built to withstand. The force resultant of the grouted rock bolts is however quite small, 1.0 
MN/monolith, and is almost negligible relative the self-weight and water pressure.  
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Table 5-2: Magnitude of the force resultants. 

Type of force Denotation Magnitude [MN/monolith] 
Self-weight G 13.5 
Water pressure; vertical component Pv 8.3 
Water pressure; horizontal component Ph 14.4 
Ice load Pice 1.6 
Ground pressure S 1.5 
Grouted rock bolts (at initial condition) Fbolts 1.0 

 

 

Figure 5-4. Position of the force resultants. The magnitude of the force  
resultants are presented in Table 5-2. 

 

Figure 5-5: Geometrical dimensions of the foundation. 
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5.2.2 Stress distribution 

The calculation of the stress distribution in the foundation is specified in Section 4.4.2. 
Implementing Naviers’ formula (Equation (4-2)) for monolith 68 of Storfinnforsen yield the 
result presented in Figure 5-6. It is evident from these results that the whole foundation is 
under compression.  

 

Figure 5-6: Stress distribution along the foundation.  
For definition of y, see Figure 5-5.  

The numerical analysis yields however a slightly different result. Figure 5-7 displays the 
stress distribution in the foundation for a situation when all external loads have been applied 
to the structure. As opposed to the stress distribution derived in the analytical analysis (Figure 
5-6), the results presented in Figure 5-7 imply that the front-plate is not under compression.  

 

Figure 5-7: Stress distribution in the foundation. From the numerical analysis. 
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5.2.3 Sliding stability 

The stability against sliding is evaluated using Equation (2-6) as specified in Section 4.4.3. In 
Table 5-3 the involved forces and their magnitude are presented together with the resultant 
coefficient of friction (factor of safety for sliding). The frictional coefficient is evaluated for 
two cases; with and without including the grouted rock bolts. The results presented in Table 
5-3 represent a situation in which the rock bolts are not yet damaged by corrosion, i.e. they 
can utilize their full load capacity.    

Table 5-3: Forces involved in the stability calculation and their respective contribution.  

Force type 
 

Parallel to the 
sliding plane [MN] 

Perpendicular to the 
sliding plane [MN] 

Friction 
coefficient [-] 

Self-weight - 13.5 
 Water pressure 14.4 8.3 
 Ice load 1.6 - 
 Ground pressure - -1.5 
 Grouted rock bolts  

(at initial state) - 1.0 
 Without rock bolts 

  
0.79 

With rock bolts 
  

0.75  
 
One must however realize that when the grouted rock bolts are included in the stability 
analysis, their contributive force will decrease with time due to the deterioration of the steel. 
Consequently the friction coefficient for sliding will increase with time. At the initial state, 
the safety against sliding will thus be as best since the shear capacity of the rock bolts is at its 
maximum (see the result in Table 5-3). Gradually the safety will decrease and eventually the 
friction of coefficient will equal the one calculated without including the rock bolts. This 
process is displayed in Figure 5-8 where the friction coefficient of the sliding plane is plotted 
against time.  
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Figure 5-8: The coefficient of friction as a function of time. The right figure displays the 
lognormal distributed corrosion rate assigned the rock bolts. 

It is evident from the result presented in Table 5-3 and Figure 5-8 that the frictional 
coefficient is inconvenient high. The demand on a dam of same size and class as 
Storfinnforsen is, as specified in Section 4.4.3, a maximum friction coefficient of 0.75. 
Judging from the presented results, monolith 68 would hence be vulnerable for sliding. It will 
later also be acknowledged in the numerical analysis that the dam indeed will be subjected to 
sliding. 

5.2.4 Overturning stability 

The factor of safety for overturning is calculated in accordance with the theory introduced in 
Section 2.4.2 and implemented on monolith 68 of Storfinnforsen as discussed in Section 
4.4.4. The result is presented for two situations; with and without including rock bolts in the 
evaluation.   

Without grouted rock bolts 

In Table 5-4 the forces and their corresponding moments are listed in context with their 
influence on the stability against overturning. The lever-arms are illustrative defined in Figure 
5-4. Note that the grouted rock bolts are not considered in the calculations presented in Table 
5-4.  
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Table 5-4: Inherent parameters for the calculation of the overturning stability 

Force type 
 

Magnitude 
[MN] 

Lever-arm 
[m] 

Moment 
[MNm] 

Stabilizing moments 
Self-weight 13.5 7.7 103.6 
Water pressure, 
vertical component 8.3 14.2 118.6 
Overturning moments 
Water pressure, 
horizontal component 14.4 6.3 91.2 
Ice load 1.6 18.6 29.8 
Ground pressure 1.5 16.9 25.6 
Factor of safety 1.52 

 
The resulting factor of safety (1.52) is slightly larger than the by RIDAS (2011) prescribed 
limit (1.5) and the structure is thus safe regarding overturning. This conclusion is enhanced by 
the fact that judging from Figure 5-6, the whole foundation is under compression.  

With grouted rock bolts 

The grouted rock bolts can as stated in Section 3.4.2 only be included in the stability 
calculations (regarding overturning) if the part of the foundation where they are installed is 
subjected to tensile stresses. That is however not the case for monolith 68 of Storfinnforsen. 
The stress distribution derived in the analytical analysis (presented in Section 5.2.2) 
demonstrates that the whole foundation is under compression. The grouted rock bolts will 
thereby not be exposed to any tensile stresses and can as a consequence not contribute to the 
safety against overturning. A new factor of safety that allow for the influence of the grouted 
rock bolts will hence not be computed.  

Consequently, the influence and benefit of grouted rock bolts will in the analytical analysis be 
evaluated solely judging from its influence on the sliding stability.  

 

 

 

 

 

 



 

60 

 

5.3 Numerical analysis 

The model of the dam as well as characteristics of the numerical analysis is described in 
Section 4.5. When running the defined numerical analysis, the dam goes to failure through 
sliding (see Figure 5-9). That is expected seeing that the sliding stability was found 
insufficient in the analytical analysis (see Section 5.2.3).  

 

Figure 5-9: Deformation of the dam in the numerical analysis. The shadowed dam is the 
contour of its initial position and shape. 

Figure 5-10 demonstrates that it is under the front-plate that the dam body is separates from 
the foundation and undergoes sliding. The tangential shear forces are too large relative the 
stabilizing forces (mainly self-weight) and the maximum possible frictional coefficient of the 
interface is then exceeded. That this occurs primarily under the front-plate can be explained 
by the shape of the dam. The shape of the dam causes the resultant of the self-weight to fall in 
the back part of the structure. That is indicated in Figure 5-7 in which the stress distribution in 
the dam base is presented. The compressive stresses are significantly higher further back in 
the buttress than under the front-plate.  
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Figure 5-10: Contact status for the base of the dam after the final load increment. 

Influence of the grouted rock bolts on the frictional resistance 

The dam modeled in the numerical analysis goes to failure through sliding irrespectively of 
whether the rock bolts are included in the analysis or not. As stated earlier in Section 4.5.1, 
the external loads are applied in increments of 10%. Initially, before the external loads are 
applied, the dam will stand steady since the frictional coefficient of the foundation is greater 
than the external tangential shear forces. When the external loads then gradually are imposed 
on the dam, at some point their load effect will exceed the maximum frictional coefficient of 
the failure surface (interface between dam and foundation). This maximum friction coefficient 
that the failure surface can mobilize is the one referred to as μmax in Section 2.4.3.  

The results of the numerical analysis imply that this friction coefficient is smaller for the case 
when the rock bolts are included in the model of the dam. Figure 5-11 demonstrates that the 
maximum friction coefficient for the surface between the dam body and foundation is 0.68 
when the rock bolts are included, in contrast to 0.70 when they are excluded. This obviously 
contradicts the theory, that the installation of grouted rock bolts would increase the stability 
against sliding. 
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Figure 5-11: The growth of the frictional coefficient for the interface  
between dam body and foundation. 

It is also possible to interpret from Figure 5-11 that sliding occurs as soon as step time 2.0 is 
reached. At that point, the dam is exposed to 100% of external loads.  This result is mutual for 
both cases, i.e. both with and without rock bolts.  

Load capacity of the grouted rock bolts 

The load capacity of the grouted rock bolts can be interpreted from Figure 5-12 in which the 
von Mises stress is plotted for one of the rock bolts (the one in the middle). Mainly two 
features observable in Figure 5-12 are noticeable. First off, there are, as expected, (nearly) no 
stresses in the rock bolts as long as there are no shear or tensile forces acting on them. The 
stresses start to develop when the external loads gradually are applied. This substantiates the 
theory presented in Section 3.4, that the rock bolt will be inactive as long as they are only 
subjected to compressive axial forces.  

Secondly, the load capacity of the rock bolts is in Figure 5-12 found to be 390 MPa. That is 
equivalent to the characteristic yield stress for steel of quality ks40. This implies that although 
the dam as whole goes to failure through sliding, the failure mode for the rock bolts appears to 
be tensile failure. Comparing Figure 5-1 and Figure 5-3, it is evident that the shear capacity is 
significantly higher than the tensile capacity. If the rock bolts had been subjected to shear 
failure, the corresponding maximum value in Figure 5-12 would have been approximately 
450 MPa instead of 390 MPa. 
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Figure 5-12: The von Mises stress in the grouted rock bolts. 
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6 Conclusions 

The objective of this report was to examine the possible contribution of grouted rock bolts to 
the stability of concrete dams and to quantify a new guideline value that can be assigned the 
rock bolts in the stability calculations. Today RIDAS (2011) only allows the grouted rock 
bolts to be included in stability calculations for small dams (maximum water table of five 
meters) given that they do not belong to consequence class 1 or 1+ (see Table 2-1). For dams 
that satisfy the demands in RIDAS (2011), the grouted rock bolts can be assigned a load 
capacity of 140 MPa.  

6.1 New guideline-value 

The essential question regarding the rock bolts is whether they can be trusted to contribute to 
the stability even after some years of service. The results of this report clearly indicate that 
they will contribute to the stability even when partly corroded. The problem for dams of same 
or larger dimensions as Storfinnforsen is however that even if the rock bolts can be trusted to 
have a certain load carrying capacity after x years, as indicated by Figure 5-1 and Figure 5-3, 
the contribution to the overall stability is shown in Figure 5-8 to be of minor importance. One 
reason is that the force resultant for the rock bolts is almost negligible in relation to the 
resultant of the major forces, e.g. self-weight. When utilizing their full capacity, the force 
resultant of the rock bolts is approximately 1 MN according to Table 5-2. That is to be 
compared with 13.5 MN for the self-weight. Of interest would therefore be to examine the 
influence of the rock bolts on a dam of considerably smaller dimensions by which they ought 
to play a more important role.  

As mentioned in Section 3.1, RIDAS (2011) does allow the rock bolts to be included in the 
calculations for small dams not belonging to consequence classes 1 and 1+. It is mentioned 
that one of the possible benefits of utilizing the rock bolts in smaller dams, is to secure for the 
acting ice loads. Studying Equation (2-4), one realizes that the magnitude of the ice load is 
practically independent on the height of the dam. The ice load can thus be problematic for 
small dams, why it seems reasonable to allow the rock bolts to be included in the stability 
calculations. Otherwise it might be tough to obtain an acceptable factor of safety.  

In conclusion, the posture given in RIDAS (2011) that the rock bolts only may be utilized in 
the stability calculations for dams of smaller size appears logical following that their 
influence on larger dams is practically negligible. Their negative influence on the stability 
calculation due to the associated uncertainties will thus for larger dams be considerable in 
relation to their positive contribution to the stability.  

Nonetheless, regarding the contribution of rock bolts to small dams, the restriction to 140 
MPa stated by RIDAS (2011) appears too conservative. Judging from Figure 5-1 and Figure 
5-2, a higher load capacity would definitely be feasible. The magnitude of which is mainly 
depending on what life span the rock bolts are dimensioned for and what corrosion rate that is 
assumed. Assuming a dimensioned life span of 100 years and the corrosion rate 60 μm/year, a 
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shear capacity of approximately 180 MPa is obtained from Figure 5-1. Whether 180 MPa is 
appropriate as a new reference value is difficult to say due to the uncertainties regarding the 
corrosion rate. The reference value should nevertheless be higher than the 140 MPa that is 
approved today.  

6.2 Numerical analysis 

The result from the numerical analysis (see Figure 5-11) suggests that the maximum frictional 
coefficient that the sliding surface can mobilize is decreased when using grouted rock bolts. 
This implies that the rock bolts would have a negative effect on the safety against sliding. 
Intuitive one realizes that this disagrees with the theory derived from the literature study in 
Chapter 3 as well as the results from the analytical analysis. The result from the analytical 
analysis presented in Table 5-3 and Figure 5-8 substantiates that grouted rock bolts will 
indeed increase the safety against sliding. Most likely, the dubious result from the numerical 
analysis is due to inadequate modeling of the interface between the dam body and foundation.  

Another possible reason could be the fact that the dam is subjected to a skewed sliding. As a 
consequence the rock bolts will be subjected to transversal as well as axial forces. This is 
supported by the fact that the failure mode of the rock bolts is tensile failure. Furthermore is 
the maximum frictional coefficient found in Figure 5-11 only 0.68, although the tangential 
friction component for the model of the dam was set to 0.75 (as described in Section 4.5). 

6.3 Future research 

In this report the influence of the grouted rock bolts was analytical and numerical analyzed for 
the monolith 68 of the buttress dam Storfinnforsen. The type and size of the monolith used for 
the analysis has naturally a great influence on the results. Therefore, it would be interesting to 
do similar studies for other types, e.g. massive dams, and sizes of dams. Since RIDAS (2011) 
do allow grouted rock bolts to be included for small dams of a certain maximum size (see 
Section 3.1), it would especially be of interest to study a dam that satisfy those requirements. 
The results of such an analysis can thereafter be compared to the 140 MPa endorsed by 
RIDAS (2011).  

The largest uncertainty regarding the study of the possible contribution of grouted rock bolts 
in the design of concrete dams is how they are deteriorated with time. The condition of the 
rock bolts is the determining factor for their load capacity and therefore more reliable 
guidelines on how to assess their condition after x years of service would be crucial for the 
possible incorporation of them to the design. The problem is however already noticed and in 
Ekström et al. (2013) the different methods available for controlling the state of the rock bolts 
was discussed and evaluated. The outcome of their study was however that there exists no 
method that can be used without deconstructing parts of the dam or destroying the rock bolts.  

For upcoming restorations or deconstructions of existing concrete dams, the opportunity 
should be utilized to examine the condition of the rock bolts, as made by Larsson (2008) 
during the deconstruction of the old Hotagen dam in Sweden. Thereby empirical information 
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can be gathered which together with the theory about the corrosion process can be used to 
formulate future guidelines.  
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