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Abstract: Passive rock bolts are commonly used to anchor concrete dams, and they may have
a significant impact on stability-evaluations. However, these bolts are often omitted from dam
safety analysis due to uncertainties regarding their condition and the size of displacements required
in the dam-rock interface to mobilize significant bearing forces in the passive rock bolts. This paper
address the latter question by studying the failure process of a small concrete dam anchored with
rock bolts. Failure simulations were performed with the increased density method in a finite element
model consisting of a dam, the corresponding part of the rock and rock bolts. Two types of approaches
are used to simulate the anchorage of the rock bolts; a method where the anchorage to the rock
is simulated using a fixed boundary condition; and a method where the anchoring of the bolts
are modelled using springs. Depending on the method of analysis, the rock bolts contribute with
40-75% of the load-carrying capacity of the dam. The rock bolts increase the load-bearing capacity
of the dam, partly through anchorage forces, but also by keeping the contact surface between rock
and concrete together and thereby increase the shear capacity of the interface.

Keywords: passive rock bolt; concrete dam; progressive failure

1. Introduction

Passive rock bolts are commonly used to anchor concrete dams, and they may have a significant
impact on stability-evaluations. However, from a dam safety perspective, there are two major concerns
with such bolts. The first is the condition of the bolts with respect to degradation. In ageing hydraulic
structures, it is not possible to determine the structural status of rock bolts due to their inaccessible
placement [1]. This leads to large uncertainties regarding the strength of the bolts. The second concern
is the failure process of a dam anchored with passive rock bolts that remain unloaded until movement
occurs in the joint. For rock bolts under concrete dams, this means that a displacement of the dam
must take place before the bolts are activated.

Dam safety authorities handle these uncertainties in different ways. The Swedish dam regulations
do not permit the consideration of rock bolts in the stability assessments of new dams [2]. In some
cases for old existing dams, it may be possible to consider bolts in a highly conservative manner.
Engineers should neglect the contribution from rock bolts for dams in the highest consequence class.
For dams in lower classes, rock bolts may be included, but the reinforcement stress must be limited
to 140 MPa for steel with a characteristic yield strength of at least 370 MPa. The Norwegian dam
regulation [3] contains a similar stress limitation, stating that the stress in the bolts should be limited
to the lowest value of the yield stress divided by 2.1, or 180 MPa. In all the above countries, a safety
factor of at least 1.0 shall be achieved without the contribution of bolts, even if bolts are included.
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During the condition assessment and stability evaluation of older dams, contributions from rock
bolts may be significant [4-6], and to exclude or limit their contribution may change the status of a
dam from stable to unstable. To strengthen a stable dam is not effective, neither from an economic
or an environmental perspective. However, to include the bolts in stability calculations requires a
better understanding of the failure modes of dams anchored with rock bolts.

This paper aims to highlight the influence of rock bolts on the global dam safety and to present a
methodology for including rock-bolts in FE-simulations, that easily can be adapted by dam engineers
to different types of concrete dams. The failure process of a small concrete dam anchored with passive
rock bolts is studied using a finite element method model consisting of a dam, the corresponding
part of the rock and rock bolts. The rock bolts are included as beam elements using an explicit rock
bolt model. Two types of approaches are used to simulate the anchorage of the rock bolts; a method
where the anchorage to the rock is simulated using a fixed boundary condition; and a method
where the anchoring of the bolts are modelled using non-linear springs. The results from the two
approaches are compared with a focus on the displacement required to activate forces in the rock bolts.
Further, the distribution in load-carrying between the bolts and the contact force in the rock-dam
interface during the failure progression is described.

2. Method

To study how rock bolts affect the failure process of a small concrete dam, the research in this
paper was performed as a case study, where one monolith from an 8 m high buttress dam in northern
Sweden was used as the studied object. The dam is a small buttress monolith anchored with a total
of 20 rock bolts. The front plate has a width of 8 m and a constant thickness of 1.2 m, with a 1 m wide
dam toe and the buttress wall has a constant thickness of 3.0 m. Each rock bolt is drilled 3 m into
the rock and embedded 2 m in the concrete. The bolts are ribbed steel rebars with a diameter of 25 mm.
Eight of the bolts are located under the front plate in the upstream dam toe, and the remaining twelve
are placed in two rows beneath the buttress wall. The dimensions of the monolith and the position
of the bolts are shown in Figure 1. The bridge on the dam crest was not included in the analysis
to simplify the geometry.
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Figure 1. Sketch of the buttress monolith used as a case study, and the location of the 20 rock bolts.

2.1. Analyzes

Analytical stability calculations and simulations were performed for three cases to compare
different assumptions regarding the bolts:

Case 1: Without bolts
Case 2: Bolts with a fixed attachment.
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Case 3: Bolts with deformable attachment.

Case 1 serves as a reference and makes it possible to estimate the influence of the rock bolts
compared to a dam without bolts. Cases 2 and 3 include rock bolts, but the analyses were performed
with different assumptions for the bolt attachment. In Case 2, the bolts were anchored with a fixed stiff
horizontal support without consideration to deformation in the grout and rock. In the hand calculation,
that means the capacity of the bolt in the radial displacement was calculated using Equation (12).
In the simulation, a restrained horizontal boundary condition was applied on the embedded part
of the rock bolt element. In Case 3, the deformation in the grout and rock during shear loading
was considered. The capacity of the bolts in the analytical stability evaluation was calculated
using Equation (11). In the simulation, the rock bolt model presented in Section 2.4.2 was used
as the horizontal support for the bolts.

2.2. The Dam

2.2.1. Material Properties

For the concrete and the rock, a linear material model was used, with all the properties
for the simulations presented in Table 1. The values in Table 1 are based on [2,7,8].

Table 1. Material properties used for the case study.

Variable Value Unit
Density, concrete 23 kN/ m3
Elastic modulus, concrete 30 GPa
Density, rock mass 265  kN/m®
Elastic modulus, rock 30 GPa
Adhesion grout-rock 2.0 MPa
Adhesion grout-steel 12 MPa
Adhesion concrete-steel 3.0 MPa
Elastic modulus, Steel 200 GPa
Ultimate strain, Steel, 0.15 -
Possion’s ratio, Steel 0.30 -
Yield strength, Steel 370 MPa

Ultimate strength, Steel 600 MPa

2.2.2. Loads

Hydrostatic pressure, uplift pressure and ice load was included. The water level was assumed
to be 0.5 m below the dam crest, and the uplift pressure was applied with a linear variation from
full water head at the upstream edge to zero at the downstream edge. An ice load of 100 kN/m was
applied as an evenly distributed pressure on a 0.6 m high surface just under the water level.

2.2.3. FE-Model

The FE-model includes the dam and part of the surrounding rock, see Figure 2. All the numerical
analyses were performed with Abaqus [9], version 2018 with the standard implicit solver. The dam
and rock were modelled with 8-node linear brick elements with reduced integration and hourglass
control (element C3D8R in Abaqus).

The average element size was 0.2 m for the dam and 0.25 m for the rock, meaning that a total
of 32,640 elements were used for the dam and 40,960 elements for the rock. In the model, the boundary
condition was applied to the rock by prohibiting displacements perpendicular to each side at all outer
boundaries of the rock, except the top surface, see Figure 2. The rock was included in the model
with the length 20.0 m in the upstream-downstream direction, the width 8 m in the direction
perpendicular to the cross-section of the dam, and the height 4.0 m. The purpose of including
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the rock in the model is to account for the friction at the interface and the dam is held in place
by frictional forces in the interface between the dam and the foundation. The properties of the interface
between dam and rock was considered according to the Swedish regulations for dam safety [2].
In the tangential direction a friction contact model was introduced where the friction coefficient was
set to 1.0 and was kept constant throughout the analysis. The contact in the normal direction was
modelled as a hard contact in compression but allowed separation due to tensile forces; no cohesive
bond in the concrete-rock was considered.
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Figure 2. Static system with boundary conditions used in the numerical calculations and applied loads.

2.3. Stability Analyses of Dams

2.3.1. Analytical Stability Analyses

The analytical stability calculations were performed according to the Swedish guidelines, where a strong
emphasis is put on the sliding and overturning failure modes [2]. In the dam safety assessments, it must
be shown that concrete dams are safe against sliding and overturning failure modes. The stability
analyses are performed with hand calculation methods, based on the force equilibrium of a rigid body.

The analytical calculations require that force resultant and lever arm are calculated for all loads,
including self-weight. For sliding, the safety factor is defined as the ratio between the maximum
friction force in the interface between concrete and rock and the acting forces parallel to the sliding
surface (i.e., the horizontal forces).

YV
5 = P M)
where, u;,; is the coefficient of friction in the interface, ) H is the sum of all horizontal forces
(i.e., parallel to the sliding plane) and ) V are the sum of all vertical forces.
The safety factor for overturning is defined as the ratio between the stabilizing moments M;

and the de-stabilizing moments, M.
M;
= — 2
Sfo M, @

The moments were calculated with the dam toe as the axis of rotation.

2.3.2. Numerical Failure Analyses

There are two basic methods for simulating the failure of a structure; strength reduction
and overload [10]. In the strength reduction method, normal loads are applied to the structure
and thereafter are the strength reduced until failure occurs. In the overload method, normal loads
are applied to the structure, and these loads are thereafter increased until a failure occurs. To achieve
safety factors that are comparable with the analytical calculations, the failure analyses were performed
with the increased density approach presented by [10,11]. In the increased density approach, the first
step of analysis includes all design loads. In subsequent steps, all the destabilizing loads are gradually
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increased with a load factor of A until failure occurs. The load factor that occurs at the point of failure
is defined as the factor of safety of the structure, S.

5 =ASya=1) ©)

where Sy()_1) is the design load. The non-linearities considered in the analyses are the interface
properties between rock and dam; the non-linear material behaviour of the steel; and the non-linear
anchoring of the bolts caused by failure in the grout (incl. its interface to rock or bolt).

2.4. Design of Rock Bolts for Dam Stability

2.4.1. Analytical

Two kinds of movement occur in bolted joints; the opening of the joint in the normal direction
(perpendicular to the joint plane) and shear displacement in the interface plane. In design, a rock bolt
loaded in the normal direction is assumed to behave as the weakest link system. In tension, the load
capacity of a bolt corresponds to the lowest failure load of [1];

Cone failure in the rock

Cone failure in the concrete

Adhesive failure between rock and grout.
Adbhesive failure between steel and grout.
Adhesive failure between concrete and steel.
Steel failure.

The cone failure in rock and concrete occurs when a volume theoretically shaped as a cone
is pulled out. There are several ways to calculate the capacity of the cone. If the shear capacity
of the material is neglected, the failure load can be calculated as the weight of the assumed cone
according to Equation (4).

3 .

RRrock = VRock TRock = M%W'YRO& 4
where Rk is the load that mobilises a rock volume Ve with the angle B and height equal
to the embedment depth of the rock bolt in the rock, Lgr; and ;¢ is the unit weight of the rock.

The adhesive bond failures occur when the stress reaches the maximum allowed bond stress
for the contact surface, as mentioned above, the failure can occur in three interfaces where the load
capacity for each interface is calculated as.

RRock.Grout = TPHLERTm.RG &)
RGrou’t.Bar = 7T¢BLERTm.GB (6)
RConcrete.Bar = n¢BarLECTm.CB (7)

Here, ¢y is the diameter of the rock bolt, ¢p; the diameter of the hole and Lr is the embedded
length in the concrete. For the maximum allowed stress in the interface, 7, xv, the subscript RG, GB
and CB denotes the interface Rock-Grout, Grout-Bolt and Concrete-Bolt, respectively.

The capacity of the bolt is equal to the ultimate bond strength times the cross-sectional area.

2
7T
Rsteel = ASteelf yd — 4Bar f yd 8)
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The anchoring capacity of the rock bolt for an orthogonal load is the lowest value of the failure
modes listed above.

RRock Bolt — min (RROCkr RRock.Groutr RSteel.Groutl RConcrete,Steelr RSteel) (9)

For a rock bolt loaded in the shear plane, displacements activate forces in the bolt and the failure
then depends on the interaction between steel, rock and grout and their non-linear material behaviour.
As forces build-up, the bolt holds the joint together, increasing the normal stress in the interface.
This extra normal stress is added to the shear capacity of the joint due to friction, and its effect
can exceed the shear capacity of the bolt itself. The resistance of the rock bolt to withstand shear
deformations depends on the stiffness and compressive strength of the surrounding materials,
i.e.,, grout, rock and concrete. The contribution of the bolt to the shear capacity of a joint may
exceed the shear capacity of the steel material. This contribution consists of a dowel effect and a
friction effect [8,12,13]. The dowel effect is due to the contribution from shear forces in the rock bolt
while the friction effect is due to the increased friction in the joint caused by increased normal forces
in the interface.

If the surrounding materials have high stiffness, then no bending of the bolt will occur. Instead,
localized shear deformation occurs in the contact zone. This localized shear deformation is called
the dowel effect and is illustrated in the left sketch in Figure 3. In hard rock, the mobilized shear
stress becomes high enough to cut the bolt at low degrees of deformation before any significant tensile
stresses have been developed. According to [14], this deformation could be as small as 1-3 mm.
The dowel capacity of a bolt is equal to the shear strength times the cross-sectional area.

2
TPy Sy
RSteel.Shear = (Z:Bar jg (10)

- -+
|
|

Figure 3. Illustration of the dowel effect (left) and crushing of surrounding material (right).

If the stiffness and compressive strength of the surrounding materials is low, then the bolt will
gradually deform and crush the surrounding materials, and a tensile load component will develop,
forming a crank shape [15]. In that case, the bolt will fail due to the fact that the tensile strength
is exceeded giving a high deformation at failure. This deformation is usually in the order of the bolt
diameter, which means that full strength is not mobilized until deformations of around 20 to 30 mm
have occurred [15]. In addition, the contact zone between concrete and rock is not a smooth surface
in reality. The roughness of the contact zone will give rise to a dilatation which will lead to tensile
stresses in the bolt. The friction capacity of a rock bolt can be assumed to be equal to the tensile capacity.
Hence, it can be determined from Equation (9).

If the interface between the rock and the dam is intersected by rock bolts, these will result
in additional shear strength. When the sliding plane is subjected to shear deformation, the roughness
will give rise to a dilatation which leads to tensile stresses in the bolt. The vertical component
of the tensile stress in the bolt gives rise to a corresponding additional normal stress on the weakness



Infrastructures 2020, 5, 28 7 of 14

plane, which leads to an increased shear strength for the weakness plane. Since the degree of mobilized
tensile and shear stresses are often unknown in analytical calculations, it is generally assumed that
the bolt either works as a dowel according to Equation (10) so that Equation (1) is rewritten as

_ H Z V+ Zi Rrock.bolt.shear

11
Ss Y H (11)
or that only tensile stresses are developed according to Equation (9).
Sg = ﬂ(z V+Yi Rrock.bolt.tension) (12)

Y H

where, ) Ryockbolt.tension OF 2 Rrockboltshear 15 the contribution from all rock bolts crossing
the sliding plane.

In an overturning failure mode, analytical calculations are performed where it typically is assumed
that the dam will rotate around the downstream toe. A moment balance equation is defined
for the stabilizing and overturning moments. The rock bolts will introduce additional resistance
to the stabilizing moment. As described earlier, the load capacity of the rock bolts can be defined as
the minimum of all potential failure modes. In the conventional design, the rock bolts are however
designed to result in a steel failure, due to its ductile behaviour.

2.4.2. Numerical Rock Bolt Model

Two approaches are used when analysing rock bolt by numerical methods; explicit [13,16,17],
and implicit [18-21] methods. In the implicit method, the rock bolts contribution to the joint is smeared
over the rock mass by adding it directly in the constitutional law of the rock or joint. This approach
is used to simulate larger civil engineering problems where it is inconvenient to model each rock-bolt.
Contrary, the rock bolt is modelled as an own part in the explicit method. Therefore, the explicit method
allows a more detailed study of their behaviour. To simulate the behaviour of grouted rock bolts under
shear using explicit models, the bolt, grout, and the nonlinear material behaviour and interactions
between interfaces is often treated with a high level of detail, see for example [17,22,23]. These types
of analyses are therefore computational demanding and are in most cases limited to the simulation
of a single bolt. For large concrete structures anchored by rock bolts, it is desirable to use a simpler
rock bolt model. Using a detailed simulation of a rock bolt to a dam monolith with 20-50 anchors
involves high computational costs. As an alternative, a simplified approach is used in this paper,
where the bolt is modelled with an explicit model where the bolt is represented with a beam element
and the attachment to the rock with springs. For the axial behaviour, the principle of bond stress-slip
relationship from [24,25] was used. The attachment to the rock is modelled using non-linear springs.
The springs were modelled with connector elements with a predefined force-displacement curve
in Abaqus. The anchorage of bolts are modelled with a bond stiffness-displacement k(u) relationship
consisting of four parts, according to Equation (13) where k(1) is the foundations stiffness (N/m)
and u the displacement.

The input for the model is the maximal force kj, the residual force stress kg; the three
displacements 1 — u3; and the parameter a.

ki (%)a, ifu<uwu
i <
k(u) = ki, . ?f u <u<up (13)
k — (km — kr)u37u22, ifu, <u<us

k;, ifus <u
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The stiffness is recalculated to a force-displacement relationship at each node of the bolt element,
F(u) =k(u)h (14)

where F(u) is the force in the spring and / the length of the mesh element. This force-displacement
relationship was used to model both the displacement in the axial and radial direction of the bolt.
The rock bolt is considered in the modelled where a three-dimensional beam element with both
transitional and rotational degrees of freedoms represents the bolts. A spring is attached to the bolt at
every node, and on the other end of the spring, a fixed displacement boundary condition is applied.
The rock and the springs are therefore not connected, and the purpose of including the rock in the model
is to account for the friction at the interface. The properties for the axial stiffness was chosen
in accordance with [26], who performed calibrations of the spring stiffness in the axial direction
on pull out test performed by [14]. The radial stiffness was calibrated based on shear tests on 16 mm
rock bolts installed in granite blocks 250 x 250 x 250 mm? in size [14]. A test with an untensioned bolt
installed perpendicular to the shear plane was chosen for the calibration. Figure 4a shows the layout
of the FE-model and the input data is presented in Table 2. After a mesh size convergence study;,
an element size of one-tenth of the embedment length was used for all three parts. The boundary
condition was applied to the rock by prohibiting displacements perpendicular to each side at all outer
boundaries of the rock, except for the top surface, as seen in Figure 4a. The same contact properties
were used for the interface as described above for the simulations of the dam where the friction
coefficient was changed to correspond to the material data given in Table 2. A vertical pressure was
applied on the top surface with magnitude in accordance with Table 2.

140 1
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g 80t
o
5 60F
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N h 0000~ L N 40¢
0000 <]
™  0000,<1 N 207 === Experiment
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(@) (b)
Figure 4. (a) Sketch of the principal design of the simulation models and shear tests, (b) Force
displacement curves from tests performed by [14] and corresponding simulations.

Table 2. Material properties for the shear test from [14], that was used to calibrate the radial
spring stiffness.

Variable Value Unit
Diameter rock bolt 16 mm
Diameter drilled hole 32 mm
Yield stress 370 MPa
Ultimate stress 600 MPa
Ultimate strain 0.05 -
Rock compressive strength 162 MPa
Rock elastic modulus 69 GPa
Friction angle along the shear plane 31 -

Applied normal stress 4.0 MPa
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Figure 4b shows the force-displacement curve for the simulation and test with the best fit.
Table 3 presents the forces used for the two directions.

Table 3. The properties used for the attachment spring.

Model Unit Axial Radial
km N/mm  7t¢pTy,.cp/u1 120
ky mm 0 0
uq mm 6 20
Up mm 35 25
us mm 36 26

o 0.4 0.8

3. Results

Table 4 presents the safety factors from analytic stability calculations and simulations. The bolts
significantly increase the factor of safety in all analyses. For overturning, the safety factor is almost
the double for Case 2 and 3 with bolts compared to Case 1 without bolts. For sliding, the inclusion
of rock bolts increases the safety factor by 70% and 120% for treating the bolts as dowels or tension,
respectively. The difference between the safety factor for cases 1 and 2 or 3 is even more significant
in the simulations. Overall, the passive bolts account for somewhere between 40% and 75% of the load
capacity of the dam.

Table 4. Calculated factor of safety for analytical stability calculations and simulations.

Analytic Simulations
Overturning  Sliding
Case 1, without bolts 1.35 1.03 1.00
Case 2, with bolts, dowel 2.46 1.73 3.22
Case 3, with bolts, tension 2.46 2.24 3.23

Figure 5 shows the crest displacement vs load factor (defined in Section 2.3.2) for the simulation.
Case 1 shows small linear displacements until failure occurs. Since the friction coefficient is set to 1.0,
failure occurs when the required shear force is greater than the normal force. Whe the simulation
reaches the failure load, the solver cannot find an equilibrium since the dam starts to slide. This sliding
is difficult to capture with a load controlled static simulation. Hence, this non-convergence
was interpreted as an increase in sliding displacement under constant loads, i.e., what would
be characterized as a failure. The crest displacement up to this load level is small and identical
for all the models.

At the failure load level for Case 1, the bolts are activated in Cases 2 and 3, and thereby,
the load can be further increased. In these models, the behaviour differs between these two cases.
In Case 2, the forces in the bolts can increase immediately, while Case 3 require larger displacements
in the rock-dam interface before the load in the bolts increases. Already for small displacements,
significant strains develop in the bolts. This leads to a significant increase in the bearing capacity
of the bolts even for a small displacement of the dam. As the steel yields, the displacements
increases and a large displacement occurs before the ultimate capacity of the dam is reached. Case 3
shows a similar failure process but with larger displacements. Since the springs allow displacement
of the horizontal support of the bolts, larger deformations of the dam are required for the same load.
In the initial state, displacements occur in the spring before sufficient resistance is developed so
that the steel starts to deform. Thereafter the load-deformation curve follows a path similar to that
of Case 2. Both models fail to converge at approximately the same load level when the ultimate
stress for the bolts are reached in all bolts, and this non-convergence was interpreted as a failure.
The displacement required to increase the load factor from 1.0, the failure of the unanchored dam,
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to 1.35 ( the required safety factor for sliding according to the Swedish guidelines [2]) is 0.55 mm
and 0.89 mm for Case 2 and Case 3, respectively. To corresponding displacements to achieve a bearing
capacity that fulfils the load factor required for the overturning failure mode is 0.74 mm and 1.2 mm.
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@) (b)
Figure 5. Load factor as a function of crest displacement, a load factor up to 1.0 includes all design
loads while only the destabilizing loads are amplified for greater load factors. Case 1 is without bolts;
Case 2—bolts with a fixed attachment and Case 3—bolts with deformable attachment. (a) The complete
load-displacement curve, and (b) load-displacement curve for the initial part of the curve with the the
required safety factor for sliding (1.35) and overturning (1.5) according to the Swedish guidelines
for dam safety marked [2].

Figure 6 shows the vertical and horizontal reaction forces, i.e., the contact forces in the surface
between rock and dam and the total reaction force for all the bolts. At load factor zero (only the dead
load applied) the shear force on the surface is approximately zero. As the water pressure increases,
the shear force increases. For the normal forces, the relationship is the opposite. At load factor zero,
the total normal force is equal to the dead load, and the normal force thereafter decreases linearly as
the uplift pressure increases.
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/g/ 17 S bolts, Case 3
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Load factor

Figure 6. Shear and normal reaction forces as a function of load factor presented as forces in the bolts
and on the surface of the dam-rock interface. The notation CNF is the contact normal force, and CSF
is the contact shear force. N and S are normal and shear forces in the bolts, respectively. Case 1
is without bolts; Case 2 bolts with a fixed attachment and Case 3 bolts with deformable attachment.
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During the progressive failure, the following notable events occur at the points marked in Figure 6.

1.  The failure load for Case 1, the model without bolts. From the red dashed line with triangles
in Figure 6, representing the horizontal forces in the bolts in the fixed model, it can be seen
that there are horizontal forces present in the bolts before this load level. This is not the case
for the orange dashed line with asterisks representing the shear forces in the bolt in the Case 3
model, where the bolt forces first occur after this load level. The difference in shear force
in the bolts between the Case 2 and Case 3 models is at this point approximately 100 kN.

2. The initial linear slope in the force-displacement curve for Case 3 ends shortly after a minimum
in the interface forces. After this point, the normal forces in the bolts are large enough to pull
the dam towards the rock and create a frictional effect. The increasing load is carried by a
combination of increasing forces in the concrete-rock interface and in the bolts.

3. A change in failure mode occurs as the increasing load is carried by an increasing proportion
by normal force in the bolts.

4. Another change in behaviour of the dam, from here to the failure, is the increase in load capacity
mainly due to increased forces in the bolts.

4. Discussion

Previous studies [4,6] and Table 4 shows that rock bolts may have a significant impact on
the stability of small concrete dams. Inclusion of rock bolts in stability calculations can make
the difference between not satisfying the design criteria and being able to withstand the design loads.
Vice versa, excluding the rock bolts from the safety assessment of small dams, means that significant
a part of the load-bearing system is neglected. This can also mean that an incorrect failure mode
is assumed and that the dam is thereby strengthened in a suboptimal way. For example, post-tensioned
anchorage may be installed to prevent an overturning failure where a backfill to increase the sliding
resistance would be the measure that most increases the overall dam safety. Including the effect of rock
bolts in the stability, analyses are therefore of great practical use with decreasing costs, from both an
economical and an environmental aspect.

However, the bolts do not contribute to the load-bearing until a displacement occurs
in the dam-rock interface. The results presented in Figure 5 indicates that a significant part
of the additional bearing capacity is achieved already at relative small displacements. The displacement
required to increase the load factor from 1.0 (the failure of the unanchored dam) to a load factor that
fulfils all stability requirements is 1.2 mm. If dilatation and unevenness in the dam-rock interface
were considered, this displacement would be even smaller. A common definition of a dam failure
is: “Collapse or movement of a part of a dam or its foundation, so that the dam cannot retain water.
In general, a failure results in the release of large quantities of water, imposing risks on the people
or property downstream” [27]. Such release of water is highly unlikely to occur as a result of this
magnitude of displacement.

The interaction between forces in the interface and the bolts are presented in Figure 6. For a dam,
the friction effect of the bolts, i.e., the ability of a bolt to hold the interface together and thereby increase
the friction force in the interface is significant. The bolts prevent the dam from lifting, leading to a
maintained and even increased restraining friction force in the concrete-rock interface. After activation
of the bolts, the normal force and corresponding shear force in the interface increase, although the
resultant of the applied vertical load decreases as the uplift pressure increases. In the simulations,
the up-lift pressure increases as the load factor increases. In reality, the ability of the bolts to hold
the interface together may reduce or prevent water flow in the joint. The positive effect of rock bolts
under the front plate is therefore likely to be underestimated in the simulations. The shear forces
in the bolts occur at smaller displacements, and during the loading process, they are significantly
higher than the normal forces in the bolts. However, the results indicate that the bolts are carrying a
combination of tensile and shear forces. This implies that analytical calculations should preferably
be based on the load-carrying capacity of combined normal and shear forces.
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In the case study, a flat interface between rock and concrete and a constant friction coefficient was
used, with cohesion neglected. In reality, the friction coefficient decreases from a static to a kinematic
coefficient after the initial movement breaks the bonds created by asperities in the interface. The same
reasoning can be used for cohesion. After the movement required to activate the bolts, the cohesive
bond in the interface will be lost. The combination of cohesive bond failure along with the decrease
in friction angle is not trivial and, for the purpose of studying the rock bolts impact, that issue was
excluded. To simulate the behaviour of a grouted rock bolt, a model that includes deformation both
in grout and in rock should be used. Neglecting these deformations leads to an inaccurate estimation
of the failure behaviour for an anchored structure, where the bolt forces under small displacements
are overestimated.

5. Conclusions

The effect of passive rock bolts contribution to the stability of small concrete dams has been
studied. This has been studied through traditional analytical stability calculations and FE-simulations
of the failure progress that allows a more detailed study of the distribution in load carrying capacity
between the bolts and the contact force in the rock-dam interface, during the failure progression.

The analytical stability calculations confirm the background to this study and show that
the inclusion of rock bolts can make the difference between a dam that is deemed not safe and one
that with great margin fulfil the design criteria. Depending on the method of analysis, the rock bolts
contribute with 40-75% of the total load-carrying capacity of the dam. Current design criteria hence
neglect a significant part of the load-bearing system for small dam anchored with rock bolts.

Simulation of the failure process of an anchored concrete dam shows that the forces in the bolts
are negligible up to the load level at which a failure occurs for the unanchored anchored
dam. Thereafter, a displacement occurs in the contact surface, and the rock bolts are activated.
Initially, the horizontal forces in the rock bolts increase but relatively early, the rock bolts help to hold
the contact surface together so that the frictional force in the interface can be increased. The rock bolts
increase the load-bearing capacity of the dam, partly through anchorage forces, but also by keeping
the contact surface between rock and concrete together and thereby increase the shear capacity
of the interface. The simulation shows that the contribution from passive rock bolts at 0.74 mm
and 1.2 mm displacement in the dam-rock interface increases the load-carrying capacity sufficient
to fulfil the required safety for sliding and overturning failure, respectively. Such displacement
is unlikely to lead to an uncontrolled release of water. The current requirement for a safety factor of at
least 1.0 without bolts is a sound criterion for the serviceability limit state, but it is overly conservative
not to include the bolts in the ultimate failure capacity.

This study address one of the two major concerns regarding passive rock in dam safety presented
in the introduction. The concern about the condition of inaccessible rock bolts under concrete dams
with regards to degradation remains, and should be given further attention. In the case study, a flat
interface between rock and concrete, and a constant friction coefficient was used, with cohesion
neglected. In further studies, the failure of a dam with regard to the interaction between cohesive bond
failure, dilatation, friction coefficient decrease and rock bolt should be studied.
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