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ARTICLE INFO ABSTRACT
Keywords: Dam failures are catastrophic events and in order to improve safety, engineers must have good
Concrete dams tools for analysis and an understanding of the failure process. Since there are few cases of real

Nonlinear FEM

Post-peak behavior

Displacement controlled simulations
Failure analyses

failures in concrete dams, which can work as validation, physical model tests are a good way of
improving numerical models and the understanding of the failure process. In this article, a
physical model test of the buttress from a concrete Ambursen type dam is used as a benchmark for
calibrating a FE-model. The dam failure is thereafter simulated using the concept of safety
commonly used in the design codes. The advantages and drawbacks of performing load- and
displacement-controlled simulations are compared. A new method for performing displacement-
controlled simulations, using nonlinear springs to introduce the hydrostatic pressure and ice load
is thereafter suggested and tested. The proposed method gives results which corresponds to the
classical methods of analysis but has some advantages. Primarily, the new method is stable and
does not suffer from convergence issues as was the case with the other methods. It is also simple
to introduce in most commercial software compared to classical displacement-controlled
simulations.

1. Introduction

In modern history, several failures in concrete dams have occurred. Most of these documented failures occurred during the early
20th century, but dam failures may still occur today. ICOLD [1] showed in their statistics of dam failures, almost half of all dam failures
have occurred within the first five years after construction. Amongst these dams, the most common reason for failure is related to the
initial filling of the reservoir. After this, the probability of failure has continuously been decreasing for the dams during the following
50 years of service. Their results also showed that the probability of failure increases again as the dams reach an age larger than this.
This shows that aging dams are more prone to go to failure and it is likely caused by degradation mechanisms, cracking etc., that
successively decrease the dam safety unless rehabilitation measure are undertaken.

It should be noted, however, that dam failures are rather uncommon compared to other types of civil engineering structures. In
addition, very few, if any, dam failures are sufficiently documented to act as case studies to compare the results from numerical
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simulations. The knowledge is therefore relatively limited regarding the failure process and post failure behavior of concrete dams.

At the time when many of the concrete dams were built, i.e. before the spread of commercial finite element software, physical
model tests was the dominant method of analysis for structures with complex geometries [2]. With the development of easily accessible
numerical methods, especially the finite element method, this type of analyses has nowadays taken over as the primary tool for dam
safety assessments. For concrete hydraulic structures, the finite element method has successively been used to assess the safety of
existing structures [3,4] or investigate the cause of cracks or their influence on the dam behavior or on the safety [5-7]. In the safety
assessments, the overloading procedure is commonly used for concrete dams where the loads are increased until a failure occurs. These
analyses are typically performed as load controlled where the load continuously increase in the simulation. A few cases exist where
deformation-controlled analyses are performed instead, where the post-peak response is calculated with increasing displacements, see
e.g. [8]. In their analyses, the purpose was to simulate cracking in a concrete gravity dam as it was subjected to overtopping.

In dam engineering, there are several cases where physical model tests have been developed and where the model of the dam is
overloaded until a failure occurs and where these have been used as validation examples for numerical simulations [8-12]. In these
model tests, the loading is typically achieved by applying hydraulic jacks which increase the loading until the failure occurs. In nuclear
engineering, a scale test of a reactor containment building was built and loaded to failure through application of an internal hydrostatic
water pressure through the use of pumps until the failure occurred, see [13]. To the authors knowledge, similar type of experiments on
dams, where the dam is overtopped, and the water pressure is increased until failure cannot be found in the literature. One reason for
this is naturally, that performing these types of experiments on physical scale models of dams with an open reservoir is practically
difficult. However, in order to assess failure progression of dams, these types of experiments are needed in the future to be able to assess
realistic failure modes. Performing displacement-controlled analyses, is one step on the way of being able to be able to assess the post-
peak behavior of dam failures. Thereby, there is a need for simplified and robust methods that can be used to perform displacement-
controlled analyses of dam failures.

2. Dam safety estimation procedure
2.1. Concept of safety

Concrete gravity dams consist of large cross sections and are efficiently designed to transfer the hydrostatic pressure of the reservoir
to the foundation through compression. Since both concrete and rock can withstand large compressive stresses, the global safety is
determined by rigid body motions and the cross-sectional design then becomes a secondary concern. Gravity dams can fail either at the
interface between the dam and the rock, in the lift joints in the concrete structure, along failure planes in the rock or along crack planes
in the dam body. Concrete buttress dams is one type of gravity dams, but where the thickness of the concrete members is significantly
smaller. These concrete buttress dams are thereby commonly reinforced, which makes the dam act monolithically even if smaller
cracks exist and thereby reduces the probability of internal failure modes. In design codes, the dam safety is normally determined by
two separate global failure mechanisms, sliding and overturning [14]. The safety for overturning failure, s, is calculated as the ratio
between the overturning and the stabilizing moments, as:

_ MY
= M,

(€D

Sf(,

where M; is the stabilizing moment and My is the destabilizing moment. The sliding safety, Sg, is determined by the ratio of the
destabilizing forces and the gravity load, if cohesion is excluded:

SV
S H

where §g is the friction angle in the joint or crack, ) H is the sum of the horizontal forces and ) V is the sum of the vertical forces. The
factor of safety for sliding and overturning is determined in the local design codes, see e.g. USACE [14].

To determine the global dam safety for complex geometries, cracked sections or to be able to include nonlinearities, FE-simulations
can be used. However, the resisting forces of a structure cannot be directly determined from a FE-simulation, the failure must therefore
be simulated. A failure can be achieved in two ways, either by decreasing the strength of the material or by increasing the loads.
Analogous to physical model tests, this is referred to as the reduced strength method and the overload method, respectively. When
nonlinear analyses of concrete are performed, including cracking, it is not possible to reduce the material properties, since it would
result in erroneous crack patterns and possibly unrealistic failure modes [15,16]. Pushover simulations are therefore usually performed
when analyzing concrete dams. To achieve results corresponding to the results of the design codes, the design loads will first be applied
to the dam. The driving forces are then increased by a factor A until failure, while the resisting forces are kept constant. The factor of
safety of the dam can then be calculated as the ratio between the failure load and the design load:

85 = tan(8,) (2)

Failure load (1 + A)P
5§ = =
Design load P

=142, A>0 (3)

In numerical simulations, it is important to retain the resultant of each load in its original location during increased loading in order
to compare with the design criterias in the codes. The reason for this is that the target safety value for global safety due to sliding and
overturning is defined based on this definition. For an example, the hydrostatic pressure must increase triangularly without raising the
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water level. This is analogue to raising the density of the water.
2.2. Loading algorithms for FE-simulations of failures

It is generally preferable to perform displacement-controlled loading in experiments or FE-simulations of the failure of a structure
to ensure that it captures the unloading after the ultimate load [17]. In a displacement-controlled analysis, the displacement is defined
at a control point, e.g. the center point of a beam. A displacement increment is applied in the control point, and remaining de-
formations and the loads are calculated from the equilibrium state. In a load-controlled procedure, a load increment is prescribed, and
the deformation is calculated from the equilibrium. Since the load increment is predefined, the structure does not have the possibility
to unload after an inflection point in the loading curve is reached. Therefore, load controlled solution algorithms can usually not be
used to simulate the post-failure behavior of a structure.

The pushover analysis described in the previous section can be performed using both displacement-controlled and load-controlled
solution algorithms. However, load-controlled simulations are usually used since performing displacement-controlled simulations
requires subroutines in many commercial FE-software see e.g. [18-20]. During the simulated failure process of a concrete dam, the
structure will reach a point of instability, after which the structure cannot sustain higher loads. After the point of instability is reached,
the dam will experience large deformations due to a small incremental increase of the load. If static load-controlled simulations are
performed, it will be difficult to find an equilibrium state in this stage.

To reduce convergence issues in load-controlled simulations, dynamic integration schemes can be used but this introduces kinetic
forces. In these cases, a quasi-static solution is sought when using the dynamic solver. It is therefore important to ensure that the total
kinetic energy in the model remain much lower than the internal energy of the model. If the load is applied too rapidly, the dynamic
forces will retain the motion of the dam and it will seem that the dam can withstand higher loads, leading to unsafe estimations.
Dassault Systemes [21] recommends that the kinetic energy should remain below 5 % of the internal energy while performing quasi-
static analyses. Malm [16] mentions that the total kinetic energy should be less than a few percent but that there is difficult to define an
exact value.

The arc length method is a combined load- and displacement-controlled solution method, which allows for unloading [17]. It is
widely used for solving buckling or other instability problems and is implemented in most commercial FE-codes. It can be used for
analyzing concrete dams and might be useful when investigating global failures including the nonlinear effects from e.g. rock bolts.
However, when the point of instability is reached, the structure will unload and can in some cases even provide a negative pressure to
achieve force equilibrium. A drawback of the arc length method is that it is less stable than some other available options and that it
suffers from convergence issues. De Borst [22] also, notes that the arch-length method is not suitable when using nonlinear material
models including strain softening because the failure is highly localized.

2.3. Physical model tests

Finite element modeling has become the standard tool for analysis in the field of structural engineering because of the low cost and
the limited equipment required. A good way to improve the reliability of the numerical simulations, is by validation with measured
response of real cases. However, since the knowledge regarding dam failures is limited, it is difficult to find suitable validation ex-
amples. Physical scale model tests can be an effective way for calibration and validation of numerical models. Fumagalli [2] and Harris
and Sabnis [23] gives examples of studies of concrete dams where physical model tests have been used for examining crack growth
prediction, crack trajectory, geo-mechanical stability, and structural stability. Results from these tests can be used as benchmarks for
the numerical models. Corresponding results between the two methods of analysis instills confidence in numerical models and en-
courages the use of numerical analyses as a complement to structural testing.

To produce a physical scale model, scaling of a real structure, the prototype, is performed. A proper scale model fulfills similitude
requirements derived from dimensional analysis. The similitude requirements are based on the Pi-theorem originally described by
Buckingham [24]. The theorem states that that the physical quantities are not dependent on a specific unit system and that any
physical quantity can be expressed as a combination of dimensionless ratios or products of the variables that expresses the quantity.
This means that two structures or systems whose dimensionless ratios and products are of the same constituents, are equivalent (i.e.
similar). Therefore, a model can be created from a prototype based on the similitude requirements and be used to experimentally test
the behavior of the prototype. Complete similarity between model and prototype is difficult to achieve but in order to obtain realistic
results it should be met with as high accuracy as possible. However, if the examined problem is well understood and the influencing
variables impact on the result is known, complete similarity may not be required as neglection of some similarity requirements could
have limited impact on the investigated outcome [23].

2.4. Case study

In 2019, Sas et al. [25,26] performed physical model tests of the Norwegian Kalhovd Dam, a concrete Ambursen dam. The dam was
operational in 1948 and it consists of 66 support buttresses with a height between 1.5 and 13.3 m. The dam was assessed with con-
ventional stability analyses, see Section 2.1, where the majority of the buttresses were deemed to be unstable. It should however be
noted that the actual dam showed no signs of degradation or instability. With the aim to better understand how a potential failure may
occur, a buttress from the dam was reproduced in scale 1:5 and pushed to failure using hydraulic jacks, see Fig. 1. The object of the
study was to investigate the influence from an irregular shape of the rock surface on the sliding and overturning stability. This was
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achieved by introducing 1st order asperities at different locations along the interface between the rock and the dam. In this paper, the
model tests have been used as a case study to verify the methods used for estimation of the failures of concrete gravity dams.

The original buttress was 9 m high with an inclined front plate. The physical model of the buttress wall was 1.4 m high, 0.1 m wide
and made from mortar. A foundation was casted from regular strength concrete with the same width as the buttress wall. The scaled
models were cast on two separate occasions where the foundation was cast first. For the casting of the buttress, the foundation was used
as formwork to ensure a god fit. Cohesion between the foundation and buttress was prevented by application of rubber paint on the
interface. The rubber paint was grinded off before the tests were performed to avoid reduction of the friction at the interface. The
friction angle was determined experimentally using the tilt table test on concrete cube samples from each cast. The friction angle was
estimated to ¢ = 30.7°, which corresponds to a coefficient of friction of y = tan(¢) = 0.6.

The foundation was reinforced and made from concrete grade C30/37. The buttress was casted from a low-strength mortar mix
developed specifically for the project with properties according to Table 1. The fracture energy was not experimentally tested.

The hydrostatic pressure and ice load were introduced using hydraulic jacks. The jack representing the ice load was connected
directly to the upstream face of the buttress, close to the crest. The hydrostatic pressure was applied through two hydraulic jacks. These
were mounted to a steel beam which distributed load from the jacks to the upstream part of the buttress. Hence, the intention of the
steel beam was to ensure a load distribution that is more representative for the actual hydrostatic load. The uplift load was applied
using a static weight connected to a wire and a pully system. During the experiment, the load in all hydraulic jacks were monitored. The
displacements were measured using LVDT-sensors and by photogrammetry. The strains were also assessed based on the displacements
obtained from photogrammetry.

3. Numerical models

The physical model tests presented in the previous section have been used as a case study to validate the numerical models and to
investigate methodologies for simulating dam failures with numerical analyses. Two studies have been performed. In the first case
study, the physical model test is reproduced. In the second case study, the failure of the buttress is simulated according to the concept
of safety defined in the Swedish Hydropower companies guidelines for dam safety [27]. The failure is simulated using one load-
controlled and one classical displacement-controlled pushover analysis. A new procedure for performing displacement-controlled
pushover analyses for concrete dams, using nonlinear springs to introduce the load, is thereafter proposed, and investigated.

Uplift force

In-plane guiding system

connection

Loading beam ©
HEA100 \\’z

Restrain system
for foundation

/Sfrbhg ﬂobr/

/ /

Fig. 1. Experimental setup for the physical model test performed in scale 1:5.
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Table 1

Material properties for the model of the foundation and buttress wall.
Property Buttress Foundation
Density [kg/m] p 1545 2354
Youngs modulus [GPa] E 10.1 41.2
Tensile Strength [MPa] £, 0.8
Compressive strength [MPa] fe. 10.0
Strain at f. [%o] €c1 2.5

3.1. Geometrical model and mesh

The same geometrical model was used for all case studies. All cases were simulated using Abaqus ver. 2019 except the classical
displacement-controlled simulation that was performed in Comsol Multiphysics 5.5. Comsol was used since it is easy to edit the
constitutive equations and to define a displacement-controlled analyses with an arbitrary control point. The plane stress model
consisted of two parts, the concrete foundation and the buttress wall. The geometry of the dam and the mesh is presented in Fig. 2.
Linear, 2D plane stress elements were used, denoted CPS3 in Abaqus and Free Triangular in Comsol. The model consisted av 3564
elements and 6626 DOF. The steel beam along the front plate was defined using 75 linear beam elements, denoted B21 in Abaqus.

3.2. Material properties

In the numerical model, the foundation was modelled as linear elastic since no cracking was detected during the physical model test
and the failure occurred in the buttress. The foundation was defined with material properties according to Table 1. A Poisson’s ratio of
v = 0.2 was assumed.

Separate simulations were performed with both linear elastic and nonlinear material properties for the buttress. The nonlinear
material in the buttress was modeled using coupled damage and plasticity theory [28,29]. The initial stiffness and density for the
nonlinear material models as well as the linear elastic material model were defined according to Table 1. A Poisson’s ratio of v = 0.2
was assumed. The compressive behavior was modelled using the curve given for the uniaxial nonlinear behavior in Eurocode 2 [30],
see Fig. 3a.

An exponential crack opening curve was used for the plastic part of the tensile behavior as defined by Reinhardt et al. [31], see
Malm [32] for more information. The exponential curve is defined as:

c

L) @

Where f(w) is a displacement function defined by:

3
(-2

w is the crack displacement, w, is the stress-free crack width and ¢; = 3.0 and c; = 6.93 for normal strength concrete. The stress-free
crack width is determined by w. = 5.14G /f; for normal strength concrete, where Gyis the fracture energy and f; is the tensile strength.

The fracture energy will impact on the cracking behavior of concrete [6,33]. The fracture energy was not tested during the physical
model tests. The buttress used in the physical model tests was created from a low-strength mortar with a short curing time. The

Fig. 2. Geometry and mesh of the FE-model.
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Fig. 3. a) Uniaxial plastic compressive behavior, b) crack opening curve and development of the damage parameter used for the coupled dam-
age plasticity.

maximum aggregate size was 4 mm. This should result in a low fracture energy. Schneemayer et al. [34] tested a mortar with similar
tensile strength, which has a fracture energy of 14.5 N/m. In the article, the fracture energy varies between 0.5 N/m and 63 N/m for the
tested mortars although the mortar with the lowest strength was lime-based. This range was used as the basis for a parameter study to
find a reasonable value for the fracture energy. The numerical model of the sliding test was used and 6 values between 5 N/m and 60
N/m were tested. The failure curves from the parameter study have been presented in Fig. 10.

The failure load decreased with decreasing fracture energy. When a fracture energy of 10 N/m and below was used, the failure
mode changed where a crack appeared between the two hydraulic jacks used for applying the hydrostatic pressure. This was the same
failure mode as achieved in the physical model test. A fracture energy of 10 N/m was therefore used for all subsequent analyses based
on non-linear material behaviour. The uniaxial stress-displacement curve and evolution of the damage parameter used in the concrete
damaged plasticity model in Abaqus is presented in Fig. 3b.

The tensile damage parameter was assumed to increase linearly from D, = 0 at the onset of cracking to D, = 0.90 at the crack width
w, see Fig. 3b. When the damage parameter increases linearly, the crack opening behavior is determined by the plastic failure curve.
Since the cracking was of primary interest, no compressive damage parameter was defined, i.e. the compressive failure was entirely
determined by plasticity.

For defining the concrete, a dilation angle of 35° was assumed. The remaining parameters in the material model were assigned
default values for concrete according to Dassault Systemes [21], see Malm [32] for further information.

3.3. Boundary conditions and interaction

Boundary conditions were applied at the base of the foundation, preventing displacements in both directions, see Fig. 4. The
buttress was connected to the foundation using an interaction. The interaction was defined to transmit compressive forces in its normal
direction while not being able to carry tensile forces, i.e. resulting in joint opening. Coulomb friction, with a coefficient of friction equal

i

Fig. 4. Boundary conditions used in simulations and surface for interaction between dam and foundation (marked with red). The location for the
uplift point load is also presented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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to u = 0.6, i.e. the value obtained from the material tests as seen in Section 0, was defined in the tangential behavior.
3.4. Load conditions for simulation of physical model tests

In the first case study, the experimental results were reproduced. The steel beam was included in the model, attached to the up-
stream face of the buttress wall using an interaction. The hydraulic jacks were reproduced using spring elements. The two springs
controlling the hydrostatic pressure were attached to the beam and the spring controlling the ice load was connected directly to the
dam, see Fig. 5. Boundary conditions, preventing translations but allowing rotations, were defied at the second point of the spring
elements, which represents the experimental loading rig. The spring elements were defined with axial spring properties, i.e. an axial
stiffness. The two lower springs, for the jacks representing the hydrostatic pressure were given a stiffness of 750kN/m and the spring
representing the ice load was given a stiffness of 100kN/m. To simulate the expansion of the hydraulic jack, a force was applied, which
forced the spring to expand and thereby applying a resulting force on the steel beam. The spring controlling the ice load was omitted in
the simulation of the sliding failure, since it was not included in this experiment.

In the experiment, the uplift was applied as steel weights guided by a pulley-system. In the numerical simulations, this was rep-
resented by a point load at the location indicated in Fig. 4. The uplift was not introduced in the numerical simulation of the sliding
failure since it was not included in the physical test.

3.5. Load conditions for classical failure simulations

In the second case study, failure simulations were performed using classical pushover analyses with both load-controlled and
displacement-controlled solution algorithms. In the load-controlled simulation, the hydrostatic pressure was applied as a pressure
load, linearly increasing with the distance from the reservoir surface. In the failure step, only the horizontal component of the pressure
was applied, see Fig. 6a. The ice load was applied as a pressure load over a distance 100 mm down from the dam crest. The pressure
decreased linearly from the surface to zero at the bottom of the pressurized area. The uplift was applied as a point load in the same
position as presented in Fig. 4.

In the load-controlled simulations, the gravity load was first applied in a separate step, to ensure that frictional resistance developed
before any horizontal forces were applied. The hydrostatic pressure, ice load and uplift were thereafter applied to their design level. In
the third stage of the analysis, the failure was simulated. The destabilizing loads were slowly increased above their design level until a
failure was induced in the dam. To reduce the dynamic effects, a long failure step was used. The loads were increased over a period of
20 s. Static solvers were used for the first two simulation steps and an implicit dynamic solver was used for the quasi-static failure step.

The displacement-controlled simulation was performed using Comsol Multiphysics 5.5. The loads were applied in two steps, a static
solver was used for both steps. The gravity load and the vertical hydrostatic pressure was first applied in a separate step. In the second
solution step, the horizontal hydrostatic pressure, ice load and uplift were applied. A control-point was defined in the crest of the dam.
A range for the crest displacements from 0 to 100 mm with 0.5 mm as increment length was applied. The solver then solved for the
displacements and load levels corresponding to the specified crest displacements.

3.6. Load conditions for displacement-controlled simulation using nonlinear springs

To achieve a displacement-controlled solution, spring elements were defined along the upstream face of the buttress wall. The
spring elements were given individual stiffnesses, representing the hydrostatic pressure of the specific level multiplied with the area of
the buttress connecting to the spring. The springs were restrained for displacements while allowing rotation at the connection with the
buttress wall, see Fig. 6b. A boundary condition was defined at the second point of the springs (on the upstream side). To impose the
hydrostatic pressure, the upstream node of all springs was translated in the horizontal direction towards the dam. The ice load was
applied in the same manner using a separate spring. In Table 2, the spring stiffnesses used in the simulations are presented. The spring
stiffnesses are defined to give the design load when the spring is compressed 10 mm.

The buttress fails in a combined overturning and sliding failure. This means that the horizontal displacement is larger in the crest

Fig. 5. Spring elements and the beam used to replicate the physical model test.
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Fig. 6. a) Loads used in the load-controlled and the classical displacement-controlled simulations and b) nonlinear spring elements loads used in the
suggested method for displacement-controlled simulations.

Table 2
Spring stiffnesses, k [kKN/m] used in the displacement-controlled simulations.
Spring Stiffness Spring Stiffness
K 70 ke 51
ko 127 ko 38
ks 114 kqo 25
ky 101 kqp 13
ks 89 k12 1
ke 76 ki3 170
ky 63

than the heel of the dam. This leads to a larger compression of the springs in the lower region of the buttress. In order to achieve a linear
hydrostatic pressure during the failure, nonlinear springs with a cut-off value was used. The cut-off values were determined through an
iterative procedure, where the simulation was first performed with linear elastic springs to determine the load level at failure initiation.
This load level was thereafter used as the cut-off value for the final simulation with the non-linear springs. The load level in each spring
was able to decrease after the cut-off was reached but not increase over that level.

The loads were applied in the same order as the load-controlled pushover simulation with the gravity load in a separate initial step.
The design loads were thereafter applied, and the failure was simulated in the third and final step. Static solvers were used for the first
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Fig. 7. Comparison between displacements in the numerical simulations and the physical model test a) simulations, unit: m b) physical model test,
unit: mm.
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two simulation steps and an implicit dynamic solver with a total step time of 10 s was used for the failure step.

It is not obvious how to apply the uplift pressure using the described method. The uplift should ideally be proportional to the
applied hydrostatic pressure this is however difficult to achieve automatically. Instead, the uplift was iterated along with the cut-off of
the nonlinear springs. The uplift was increased linearly while the hydrostatic pressure increased. Thereafter, when the cut-off value
was reached for the nonlinear springs, the uplift was kept constant.

4. Reconstruction of physical model tests

In order to verify the validity of the simulations, the physical model test from Sas et al. [25] was reproduced using FE-simulations.
In Fig. 7, the displacements from the numerical simulations are compared to the overturning model test. The calculated displacements
correspond well with the displacements measured of the buttress. However, the displacements in the lower part of the buttress are
slightly lower according to the simulation compared to the experiment. This is probably an effect of that the foundation was mounted
on top of gypsum boards which were crushed during the experiments. The layer of gypsum boards was softer than the concrete used for
the foundation and may thereby resulted in some displacement.

During the physical overturning model test, no cracking was reported. During the numerical simulation, some limited micro
cracking occurred between the lower downstream corner of the inspection gallery and the foundation, but no macro cracks appeared.

In Fig. 8, the force-displacement graph is presented for the total force in the hydraulic jacks and the crest displacement of the dam
during the overturning model test and the corresponding numerical simulations. The overturning model test was performed with two
separate physical models with identical geometry and material properties. Both of the experimentally obtained curves are presented in
the figure. As it can be seen in the figure, in the second test the structure was unloaded soon after the maximum load was reached since
the post failure behavior was not of primary interest during the physical test. The obtained overturning failure in the experiments was
accurately reproduced in the numerical simulations, where the results are in close agreement.

In Fig. 9, the resulting failure mode for the physical model test aiming to achieve a sliding failure is shown along with the cor-
responding failure mode obtained in the numerical simulations. As can be seen in the figure, the experiments resulted in an internal
failure mode of the buttress were an inclined crack propagated from the upstream asperity towards the upstream face of the buttress.
The figure also shows that the same type of failure mode and similar crack pattern occurred in the numerical simulation. However, in
the numerical analyses some additional cracking appears near the inspection gallery. In the experiment, some cracking was indicated
between the lower downstream corner of the inspection gallery and the foundation by the photogrammetry. It is possible that the
photogrammetry does not have sufficient resolution to detect the full extent of the cracking and no crack mapping of this area was
performed after the physical tests.

In Fig. 10, the failure curves from the sliding model test and the corresponding numerical simulation are presented. The buttress in
the model test show a nonlinear behavior up to the failure. The final failure is brittle and occur at a load of 38kN. In the numerical
simulation the buttress acts nonlinearly but has a slightly higher stiffness. The failure is brittle in the numerical simulation as well and
occur at a total load of 42kN. This is 11 % higher than in the model test. Considering that this failure mode is governed by material
failure, it is considered likely that repetitions of the experiment could result in scatter of this magnitude due to variations in material
properties etc. It was thereby not considered to be a priority to adjust any material properties to obtain an even better fit between the
experiments and the numerical analyses. Numerical analyses with lower fracture energy was however tested, but as mentioned pre-
viously, these resulted in significant convergence issues.

In Fig. 11, the tensile stress from the numerical simulations of the two failure modes are presented. In both failure modes, a crack
appears between the lower downstream corner of the inspection gallery and the foundation. In the case with an overturning failure,
relatively low stresses occur in the dam body and hence no additional cracking occurs during that failure mode. A stress concentration
can however be clearly detected between the upper upstream corner of the inspection gallery and the upstream face of the buttress
between the application point of the ice load and the upper jack controlling the hydrostatic pressure.

In the physical model tests aiming to obtain a sliding failure, the ice load was not applied and thereby stress concentrations are not
expected appear in the same region. In the simulation of the sliding failure, stress concentrations appeared primarily along the

Crest Displacement
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= = = Numerical Simulation
0 2 4
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Fig. 8. Plot of crest displacements compared to the total force in the hydraulic jacks from the overturning model-test and the corresponding
simulations.
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Fig. 11. Induced tensile stress in the numerical simulation of a) the overturning failure mode and b) the sliding failure mode.
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upstream face of the dam and along the upstream face of the inspection gallery. These stress concentrations have been translated to five
potential types of cracks that may occur, which are illustrated in Fig. 11. As can be seen in the figures, all these regions could
potentially crack depending on the material properties. If spatial variations in material properties would be introduced in the simu-
lations it is likely that, different failure modes could appear along these crack planes.
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5. Simulation of failure

During the analyses, the same failure modes were obtained for all methods of analysis. Different failure modes were, however,
obtained when using linear elastic and nonlinear material properties to simulate the buttress. When linear elastic properties were used,
the dam failed in a combined sliding and overturning failure mode. In Fig. 12a, the failure with linear elastic material properties is
illustrated. In the simulation using nonlinear material properties, the buttress started sliding while still being intact. The initial failure
is therefore induced at the same load level as for the linear elastic model. After the initial slip, the buttress is restrained from further
sliding due to the angle of the downstream asperity. The post-peak behavior is therefore governed by the initiation and propagation of
cracks corresponding to the cracks denoted as crack 1 and 5 in Fig. 11. These cracks initiate an internal overturning failure mode. The
failure mode with nonlinear material for the load-controlled simulation is presented in Fig. 12b and the failure mode for the
displacement-controlled simulation using nonlinear springs. The classical displacement-controlled simulation was only performed
using linear elastic material properties.

In Fig. 13, the failure curves of a classical load-controlled and displacement-controlled simulation are compared to displacement-
controlled simulations using nonlinear springs. In the load-controlled simulation, the buttress wall reaches the failure load and then
starts accelerating downstream. In Fig. 14a, the kinetic energy and internal energy of the load-controlled simulation is compared to the
crest displacement. The kinetic energy increases over the proposed limit of 5 % of the internal energy when the load factor reaches 1 +
A = 1.20, which corresponds to a crest displacement of 3.2 mm. The results past this point of the load-controlled simulations should
therefore be considered as unreliable according to the previous definition by Dassault Systemes [21].

The load-deflection curve obtained from the classical displacement-controlled simulation is also presented in Fig. 13, the failure
occurs at 1 + 4 = 1.22. After the failure, the load decreases slightly, indicating a ductile response. Convergence issues arise which
causes the simulation to stop when a crest displacement is 15 mm. The crest displacement from the displacement-controlled simu-
lations using nonlinear spring is also presented in Fig. 13. In this simulation, the same total load of 1 + 4 = 1.22 is obtained at the initial
failure as in the classical displacement-controlled analysis. The load—deflection curves from the two displacement-controlled simu-
lations correlates well as can be seen in the figure. The displacement-controlled simulations using nonlinear spring are stable and can
run without convergence issues with both linear and nonlinear material properties.

In Fig. 14, the ratio between the kinetic energy and the internal energy is compared to the crest displacement based on load level. It
can be seen in the figure that large kinetic energy appears in the load-controlled simulation. In the displacement-controlled simulations
using nonlinear springs, the ratio between the kinetic and the internal energy remains below 1 %o during the entire simulation. The
classical load-controlled simulation is static i.e. the kinetic energy is zero by definition.

6. Discussion

The internal and global overturning failure modes obtained during the physical model tests performed by Sas et al. [25] were
ductile. The cracks did however occur suddenly due to the low fracture energy of the mortar used in the model and because the
reinforcement was omitted from the model. Normally slender dam structures, such as buttresses in buttress dams, are reinforced to
improve the ductility of the material. The tests do however show that the cracks can appear suddenly for small displacements in the
dam body. The crack patterns achieved in Section 5 closely resembles the crack patterns found in situ in a large concrete buttress dam
analyzed by Malm et al. [5,35]. The crack pattern in the buttress dam was induced by seasonal variation in the ambient temperature.
The cracks appear perpendicularly to the compressive forces created by the hydrostatic pressure and many passed through the in-
spection gallery. This shows that the same crack patterns can occur for multiple purposes. Since the cracks can appear suddenly
because of multiple causes, it is important to consider potential internal failure modes which can be caused by cracks found in situ in
concrete dams. This should be part of the continuous dam safety routines but possibly considered in the design of new concrete dams as
well.

The defined concept of safety is important for the results since it not only defines suitable safety margins but also governs which
potential failure modes that may occur. In design, the concept of safety must be in accordance with the definitions in the local codes.
This is however difficult while designing physical model tests. As seen in the tests performed by Sas et al. [25], the results showed that
the introduced asperities in the interface between the rock and the buttress increased the resistance for overturning and sliding failures.
However, the results do not agree with the concept of safety introduced in the Swedish or Norwegian dam safety codes. This is not
necessarily an issue with the model tests, since the concept of safety defined in the dam codes represent idealized failure modes that
does not appear in reality. Since dam failures are complicated and highly dynamic processes including dynamic effects from the water
and failures in the rock, further research in this area is required. This research could potentially result in new concepts of safety which
better resembles the reality.

In the second case study, the same buttress used in the model tests was analyzed using the concept of safety defined in the dam
safety codes. Two existing methodologies were compared and a new method for performing displacement-controlled simulations was
proposed. The three methods gave similar results for the ultimate safety of the buttress but had different advantages and drawbacks.
The load-controlled simulations are simple to perform, and the models can be defined using any commercial FE-software. The main
drawback of the load-controlled simulations is that forces introduces does not have the ability to reduce after reaching an inflection
point. This means that the ultimate load of the structure can be determined. However, the post failure behavior cannot be simulated.

If static solvers are used, the load-controlled simulations can suffer from convergence issues. This is usually solved by using quasi-
static analyses based on dynamic solvers. In most pushover analyses of concrete gravity dams, using a dynamic solver will lead to the
dam accelerating away from the initial position after the failure load is reached. The easiest way of ensuring that the load is not
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Fig. 12. Failure modes from the load-controlled simulation using a) linear elastic material properties and b) nonlinear material properties and c¢)
displacement-controlled simulation using nonlinear material properties. The failure modes are presented for different crest displacements, Figure a
and b has a crest displacement of about 50 mm and figure c has a crest displacement of 10 mm. a scale factor of 1 is used for the displacements.
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largely overlapping and are therefore difficult to see.
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Fig. 14. Comparison between kinetic and internal energy and the relation to the crest displacement. a) Load-controlled simulation and b)
displacement-controlled simulation using nonlinear springs. Both presented curves correspond to the simulations using linear elastic mate-
rial properties.

overestimated is to increase the load very slowly. In this way, the dam will still accelerate away but the load will not increase higher
than the failure load before the failure occurs. An analysis time of 10 or 20 s is often sufficient, but it will be up to the judgement of the
engineer performing the calculations to perform a check of the reasonability of the results. It is also important to only use the load-
controlled models to estimate the initial failure in the same manner as the analytical methods describes in the design codes pre-
sented in Section 2.1.

When a classical deformation-controlled simulation is performed, the loads are defined in the same manner as for the load-
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controlled simulation. During the solution of an increment of the simulation, a displacement is defined, usually in the crest on a
concrete dam. The remaining displacements and the loads are thereafter calculated from the equilibrium. During a displacement-
controlled simulation, the load can decrease, which gives the possibility of calculating the post-failure behavior. The solution is
however difficult to implement in many commercial FE-software since the constitutive equation must be altered, which may require
programming of suitable routines. The simulations may also suffer from convergence issues, which can be difficult to overcome.

A new method for performing displacement-controlled simulations have been proposed. The method involves nonlinear springs
which are used to introduce the hydrostatic pressure and the ice load. The method was shown to work satisfactorily on a simple
geometry with nonlinear material properties. The method gives good results, which correspond with the results from the classical
displacement-controlled simulations. The load has the possibility to decrease and the post failure behavior can therefore be simulated.
The simulations also proved to be stable without convergence issues. The method was implemented in a quasi-static simulation. There
are however some dynamics in the springs, this could be reduced somewhat by introducing a soft dashpot. The proposed method can be
implemented in 2D of 3D. For 3D-structures and especially complex structures such as arch dams, the implementation could be
complicated and requires a large amount of work and some programming. The way to apply uplift is not obvious while using this
method. In this simple example, the uplift was applied as a point load and the amplitude varied over the failure step and was
determined iteratively to match the total hydrostatic pressure. Another issue is that axial springs adds a vertical force component when
the dam starts to overturn. The vertical component can however be made negligible if the axial springs are defined with a large length
or nonexistent if the springs are defined to only act in in the stream direction.

7. Conclusions

Nonlinear finite element simulations are good for determining the level of safety of concrete dams with complicated geometries,
existing damages or complicated loads. In addition to the classic failure modes, the simulations can capture combined failure modes
and the risk for internal failure modes. The focus of this article has been to determine the post-peak behavior in order to study the
ductility of the failure. This is an important part in determining the rate at which a dam failure will occur.

In the first case study, the results from physical model tests performed by Sas et al. [25] was recreated using nonlinear FE-
simulations. The response of the experiments during increasing loading was successfully captured in the model and the failure
modes were reproduced with good agreement. The main cracks propagated perpendicular to the compressive stress created by the
hydrostatic pressure and were concentrated around the inspection gallery. The crack pattern also showed good correlation with the
crack pattern typically found in situ in a large concrete buttress dam [5,35]. The concrete used in the physical model tests was brittle
with a low fracture energy due to the reduced size of the experiment. The simulations showed that it is important to consider potential
internal failure modes created from cracking since these may govern the dam behavior and the induced failure mode.

In this paper, two existing methods for simulating dam failures was compared and a proposed method for performing displacement-
controlled simulations using nonlinear springs to introduce the loads. The results from the proposed displacement-controlled method
correlated well with the results from the two existing methods. The new method allows for simulating the post failure behavior since
the load can be reduced. Compared to regular displacement-controlled simulation, the new method is easier to implement in most
commercial FE-software and it suffers from less convergence issues.
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