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Abstract: The paper presents a functionality investigation of the key dam elements based on finite
element analysis. A detailed analysis of filtration processes, dam strength, and the surrounding
rock mass was conducted. Dam elements whose potential damage could jeopardize the normal
functioning of the embankment dam have been identified. A particular emphasis was placed on
the analysis of dam elements that have been identified as weak points. A numerical analysis of the
impact of individual grout curtain zone failure on leakage under the dam body, a strength analysis of
the overflow section, as well as the analysis of the slope stability that can compromise the functioning
of the spillway have been performed. To analyze the partial stability of individual structural elements,
a new measure of local stability was introduced as the remaining load-bearing capacity. As a case
study, the Zavoj dam, which is a part of the Pirot reservoir system in the Republic of Serbia, was
used. Investigation revealed that local damage to the grout curtain will not significantly increase
leakage under the dam body, the overflow section is one of the most robust elements of the dam, but
the slope above the spillway can compromise the functioning of the overflow and thus the safety
of the entire dam. Based on the analysis of the results of the remaining load-bearing capacity, the
dependence of the spillway capacity on earthquake intensity has been defined. The established
relationship represents a surrogate model for further assessment of dynamic resilience of the complex
multipurpose reservoir system, within the scope of the advanced reservoir system management.

Keywords: failure assessment; dam safety; multipurpose reservoir; FEM; remaining load-bearing
capacity

1. Introduction

Dams are basic structures for water resources management, from irrigation, electricity
production, water supply, to flood control, and more [1]. However, partial damage or
complete collapse of a dam can cause catastrophic consequences, from huge costs, to the
worst case, loss of life and property. Overflow, internal erosion, slope instability, and
earthquakes are the most common causes of dam failure [2]. During the construction of an
embankment dam, there are frequent variations in the characteristics of the material within
the quasi-homogeneous zone, which increases the probability of material degradation in
some parts of the structure and thus greater water flow through this zone [3]. Leakage
through the body of the dam or foundation leads to the occurrence of internal erosion,
which causes the appearance of piping, eventually leading to the collapse of the dam [4,5].
In the analysis of slope stability (on the dam body or on the surrounding rock mass), a
deterministic approach is most often used, whereby the assessment of the global safety
factor is performed for specific values of material parameters. However, in this way, the
initial variations in material characteristics or those caused by water flow through the
ground are not considered, so the safety factor calculated in this way is not completely
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reliable and does not fully represent the safety of the object [6]. The concept of global
stability of the geotechnical structures is commonly used in the analysis of the safety of
complex structures by determining the global safety factor [7–10]. However, the conclusion
that the structure is stable under the considered acting loads does not always mean the
structure is safe, especially when it comes to structures such as dams and reservoirs
with accompanying elements [11–13]. For this reason, in addition to the analysis of the
global safety factor, it is necessary to conduct analyses of the impact of damage that
in the short term does not endanger the stability of the structure, but in the long term
can affect its stability. In order to overcome the previously noted shortcomings, authors
propose the principle of partial stability assessment by introducing a new local stability
measure called remaining load-bearing capacity and implemented in the PAK software
package [14], used for the analysis of filtration and strength of geotechnical structures.
This new measure provides an overview of zones whose partial stability is potentially
compromised, regardless of the fact that the global stability of the facility is not impaired.
This is especially important in complex systems such as a multi-purpose reservoir, where
a local loss of stability not compromising the global stability of the facility may activate
other mechanisms that would compromise the stability of the entire facility. To conduct
this analysis, it is necessary to identify the critical (weak) elements of the system and
then to analyze their impact on the functionality of the system for hypothetical scenarios
and thus on the long-term safety and operation of the system. In this analysis, the finite-
element based method [14,15] was used to simulate the filtration processes and stress-strain
behavior of the dam and the surrounding rock mass. The global short-term stability of the
structure was analyzed using the strength reduction method [16,17]. The analysis used
the case study of the Zavoj dam and accumulation near the city of Pirot in the Republic of
Serbia [18,19]. The effect of an earthquake, used as a critical load, is modelled by applying
the maximum value of seismic acceleration at the dam site in two orthogonal directions,
for a 1000 year return period [20]. Occurrence of earthquakes in southeast Europe is
causing growing concern to the operators of the large complex reservoir systems, as in
the last decade multiple significant earthquakes were recorded: Serbia 2010—5.5 moment
magnitude scale (MMS) [21], Albania 2019—6.4 MMS [22], Croatia 2020—6.9 MMS [23],
etc. Apart from the apparent risk to the safety of the structures, significant risks related to
the reduced functionality of these systems need to be addressed and analyzed in detail. In
the case of the Pirot reservoir, three key elements whose damage, induced by earthquake,
affects the functionality of the system have been identified. The results of the functionality
analysis of the individual elements of this system represent the input data in the analysis
of system dynamics whose implementation was carried out by applying the concept of
dynamic resilience [24,25].

The paper is structured in the following manner: first, in the Theoretical Basis section,
recapitulation is provided for the equations governing filtration, strength analysis, and
shear stress reduction. Additionally, the concept of the remaining load-bearing capacity is
introduced and explained in detail. The section About Zavoj Dam covers basic technical
data and description of the Zavoj Dam as a part of the Pirot complex reservoir system. It
is followed by Section 4, where the basic information about the finite element model is
provided, along with the subsections describing identification of the weak points in the
structure, used material parameters, loads, and boundary conditions. Section 4 concludes
with the description of the three analyzed scenarios. Section 5 first covers the results of
the filtration and stability analysis and then presents more details for the investigation of
the impacts in three chosen scenarios. The section is concluded with the derivation of the
surrogate model for further system dynamics analysis. Finally, general and case-specific
conclusions are presented.
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2. Theoretical Basis
2.1. Governing Equations of Filtration

Flow through a porous medium is described by Darcy’s law, which in the case of a
three-dimensional continuum [26–28] is described using the following equation:

q = −ki, (1)

where k represents a permeability matrix and i is a hydraulic gradient:

i = ∇ϕ. (2)

Total potential ϕ is defined as:

ϕ =
p
γ
+ h, (3)

where p represents the pore pressure, γ is the unit weight of fluid (unit weight of water),
and h is the distance from the reference level.

According to the continuity equation and Darcy’s law (1), a hydrodynamic equation
for steady state flow [29] is formulated as:

∇(k∇ϕ) = −Q, (4)

where Q is the flow generated per unit volume. Boundary conditions in solving the flow
problem through porous media can be either specified as potential or specified volumetric
flux.

2.2. Governing Equation of Strength Analysis

Analysis of strength determines the displacement, stress, strain, and other relevant
variables introduced as internal variables [15,29]. In static conditions, the following equilib-
rium must be fulfilled at each material point:

∇·σ+ FV = 0, (5)

where σ represents the stress tensor, whereas FV is the vector of body forces. Boundary
conditions can be specified as displacements or specified load (force or pressure).

Using equilibrium Equation (5) and corresponding boundary conditions [15], a virtual
work principle representing a basic equilibrium equation in mechanic of deformable body
can be represented as: ∫

V

σδεdV =
∫
V

FVδudV +
∫
Sσ

FSδudS. (6)

where δε represents virtual strain corresponding to virtual displacement δu, and FS is the
vector of surface forces.

In the stress-strain analysis of the dam, the Mohr–Coulomb constitutive model was
used for simulation of mechanical behavior of the dam and surrounding rock mass [30,31].
Yield surface of the used constitutive model is the function of stress state and can be
formulated using stress invariants as:

f =
I1

3
sin φ +

√
J2D

(
cos θ − 1√

3
sin θ sin φ

)
− c cos φ, (7)

where I1 and J2D are the first stress invariant and second deviatoric stress invariant, respec-
tively, θ represents Lode’s angle, c is cohesion of the material, and φ is the internal friction
angle of the material. In the case when the stress point reaches the yield surface (material
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failure), the value of the yield function (7) is equal to zero. This condition can be used to
determine the maximum value (failure) of the second deviatoric stress invariant J2D.

2.3. Shear Strength Reduction

The shear strength reduction method of is one of the most commonly used methods
for determining the safety factor of geotechnical structures. Global safety factor (Fs) of
the object represents a ratio of available shear strength of the material and shear stresses
occurring in a material [32,33]. In other words, structure instability occurs when the shear
stress τ in the material exceeds the available shear strength of the material τf , or:

Fs =
τf

τ
. (8)

The global safety factor of the structure represents the maximum value of the shear
strength reduction factor at which the structure is stable. In the numerical sense, the
structure is stable if there is a convergence of numerical solutions and/or if the displacement
increment is not too large.

2.4. Remaining Load-Bearing Capacity

In order to analyze the load-bearing capacity of the structure and obtain the remaining
load-bearing capacity at each integration point of the model, a new vector is formed. This
new vector represents a measure of the distance of the stress point from the failure surface
for the same value of the first stress invariant (Figure 1). The remaining load-bearing
capacity of the material is expressed in relation to limit value of the stress at which fracture
occurs. In other words, this quantity shows the distribution of the unused strength of the
material.
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The residual load-bearing capacity (in percentage) can be calculated at each finite
element integration point, independent of the constitutive model, according to the following
equation:

RP =

(
1− q

qmax

)
·100%. (9)

In Equation (9), the quantity qmax represents the distance of the failure surface for
a specific stress state (for a known value of the first stress invariant I1). The quantity q
represents the distance of the stress point for the same stress state (same value of I1).

The distance to the failure surface qmax, for a specific stress state, can be calculated by
using the second invariant of deviatoric stress:

qmax =
√

3J2D. (10)

The value of the second invariant of deviatoric stress J2D is calculated using the failure
surface equation of the corresponding constitutive model. In the case of the Mohr–Coulomb
constitutive model, which was used in the analysis of stability in this paper, the value of
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the second invariant of deviatoric stress, for the specific stress state can be calculated using
(7), as: √

J2D =
c cos φ− 1

3 I1 sin φ

cos θ − 1√
3

sin θ sin φ
. (11)

The distance to the stress point q can also be calculated by applying the second
invariant of deviatoric stress [34] according to:

q =
√

3J2D∗, (12)

where the second invariant of deviatoric stress is calculated as:

J2D
∗ = I2 +

1
3

I2
1 . (13)

In Equation (13) the quantities I1 and I2 represent the first and second stress invariants,
respectively. These stress invariants [29,35] were calculated for the current stress state
according to the expressions:

I1 = σx + σy + σz, (14)

I2 = −
(
σxσy + σyσz + σzσx

)
+ σ2

xy + σ2
yz + σ2

zx. (15)

By substituting relations (10)–(15) into expression (9), the residual load-bearing capac-
ity at each integration point of the finite element is calculated and the field of the remaining
load-bearing capacity in the entire structure is formed.

3. About Zavoj Dam

The Zavoj dam and reservoir on the Visočica river are located 13 km northeast of
Pirot city in the Republic of Serbia. The construction of the Zavoj dam began in 1983 and
was completed in 1989. The main purpose of the accumulation is to provide water for
the production of electricity in HPP Pirot. In addition to this primary purpose, the Zavoj
reservoir serves to accept the flood wave and reduce sediments in the valley of the Južna
and Velika Morava river, water supply, and more [18,19].

The Zavoj dam is a rockfill dam with an upstream and downstream support body
made of compacted stone embankment, an upstream sloping clay core, and corresponding
filter layers between the clay core and the stone embankment (Figure 2).
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Figure 2. Zavoj dam cross-section with quasi-homogeneous zones.

Basic characteristics of the dam:

• Dam crest elevation: 617.5 m asl,
• Maximum water level: 615.9 m asl,
• Operating water level: 612.5 m asl,
• Minimum operating level: 568.0 m asl,
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• Elevation of the dam foundation: 531.5 m asl,
• Length of the dam in the crest: 250.0 m,
• Width of the dam in the crest: 10.0 m,
• Spillway gates 3 m × 9.0 m.

The dam body is created in accordance with Figure 2 and consists of seven different
materials. The surrounding rock mass consists of alternating layers of bank sandstones and
sandy clays. However, due to the lack of data on the distribution of quasi-homogeneous
zones, here it was assumed that the surrounding rock mass is homogeneous. A photo of
the Zavoj dam with its surroundings is shown in Figure 3.
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The overflow section of the dam is an open channel spillway and is located on the left
side of the dam. The spillway crest is at 606.0 m above sea level. The spillway has three
gates, 9 m wide and 10.2 m high. The width of the pillars between the overflow fields is
2.5 m. The bridge that connects the dam with the left bank crosses the spillway gate section.
The spillway is located in a deep cut, with a slope of 3:1, has trapezoidal cross-section, and
is 25 m wide and 300 m long. At the end of the spillway there is a sky-jump bucket. All
these structure elements are included in the developed finite element model of the dam
with the surrounding rock-mass.

4. Numerical Model of the Zavoj Dam
4.1. Finite Element Model

For developing a 3D model of the Zavoj dam, the available 2D drawings [36] were
used as the base. The created 3D model was the basis for developing the finite element
model of the dam and surrounding rock mass using Femap program [37]. The model
was developed on the basis of geometry, engineering-geological structure of the terrain,
and exploitation conditions in accordance with the requirements of numerical solvers.
Numerical analyses of filtration processes and strength were performed using the software
package PAK [14] in which the methods presented in the Theoretical Basis section were
implemented.

The boundaries of the finite element model have been moved further from the dam
structure (about 3.5 and 1.5 times the dam height away from the dam body) in order to
reduce the influence of boundary conditions on the numerical results of filtration and
strength analysis (Figure 4).
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To create the finite element model of the dam with the surrounding rock mass, tetra-
hedral finite elements with midside nodes (10-node per finite element) were used. The
developed model of the dam consists of approximately 98,000 finite elements and about
140,000 nodes. During the development of the numerical model, special attention was paid
to the detailed modeling of the dam structure with collapsing elements. The following
groups of structural elements were formed, representing quasi-homogeneous zones:

• Dam body:

◦ Clay core,
◦ Multilayer sand filters,
◦ Upstream dam body,
◦ Downstream dam body,

• Grouting curtain,
• Concrete spillway,
• Surrounding rock mass.

4.2. Identification of the Structurally Critical (Weak) Elements

In order to conduct a numerical analysis of the impact of damage to individual dam
elements on the functioning of a complex multi-purpose reseroir system, the identification
of the potentially weak structure elements was performed. As structural elements whose
potential loss of functionality would affect the operation of this multipurpose system, the
impact of damage to the grout curtain on leakage under the dam, damage to the overflow
zone, as well as damage to the rapids was analyzed. For numerical analysis of hypothetical
scenarios such as loss of water resistance function of the grout curtain, this volume is
divided into six regions, so it is possible to independently manage the material parameters,
i.e., filtration coefficients (Figure 5).
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By changing the coefficients of filtration, it is possible to establish the dependence of
the amount of water that leaks under the dam body as a function of reservoir water levels
and the damaged zone of the grout curtain.

In the finite element model, the overflow section and spillway were modeled in detail
(Figure 6). The strength analysis of the overflow gates zone should provide an answer as to
whether these parts of the structure can be damaged by the seismic loads and jeopardize
the functioning of segment gates. If there is a possibility of such damage, its impact on the
function of the elements for water evacuation will be analyzed.
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In addition to exceeding the strength of the concrete overflow under the acting of
seismic load, the functioning of these elements may be endangered by the total or partial
loss of stability of the slope above the spillway. Loss of stability of this part of the structure
could cause a reduction in the overflow capacity, which would jeopardize the normal
functioning of the dam and lead to its compromised stability.

4.3. Material Properties

The main goal of numerical simulations conducted within this paper is to verify the
proposed methodology for the analysis of the damage impact to individual parts of the
dam. For that reason, the calibration of material parameters was not performed, but they
were taken from the literature [38]. The adopted material parameters used in numerical
simulations of filtration and stress-strain processes are shown in Table 1. The names of the
materials in the Table 1 are in accordance with the material names defined in Figure 2.

Table 1. Material properties of the dam model.

Material k (m/s) E (kPa) ν (−) γ (kN/m3) c (kPa) φ (◦) ψ (◦)

Clay core 1 × 10−10 1.42 × 105 0.45 17.0 15.0 22 0
Filter 1 1 × 10−6 6.86 × 105 0.3 18.0 88.7 26.3 26.3
Filter 2 1 × 10−5 7.13 × 105 0.3 20.0 57.2 22.1 22.1

Upstream rockfill 1 × 10−3 2.16 × 105 0.3 21.0 88.7 26.3 26.3
Downstream rockfill 1 × 10−3 2.16 × 105 0.3 21.0 57.2 22.1 22.1

Bedrock 1 × 10−7 6.00 × 106 0.2 26.0 254.4 48.7 48.7
Grout curtain 1 × 10−8 32.0 × 106 0.35 24.0 7160.0 35.4 35.4

Concrete 1 × 10−9 32.0 × 106 0.2 24.0 7160.0 35.4 35.4

In order to analyze the impact of the loss of water resistance function of the grout
curtain parts on the total flow through the curtain, numerical simulation of filtration
processes with local increase of the filtration coefficient of individual regions was performed.



Appl. Sci. 2022, 12, 558 9 of 19

The values of the filtration coefficients in individual regions (r1 to r6 in Figure 5) have been
increased [39] thousands of times (from 1 × 10−8 to 1 × 10−2).

4.4. Loads and Boundary Conditions

The boundary conditions for numerical analyses correspond to the natural boundary
conditions of the dam, with the application of hypothetical scenarios that can occur during
dam exploitation. The boundary conditions of filtration analyses are presented by total
potential: all surfaces affected by reservoir water have the total potential corresponding
to the reservoir water level, and all surfaces affected by downstream water have a total
potential corresponding to the water level in the river just below the dam.

Boundary conditions in numerical analysis of strength are given by displacements: the
translation of nodes belonging to the sides of the model are fixed in directions perpendicular
to the surface, whereas the translation of the nodes on the bottom side of the model are
fixed in all directions (natural boundary conditions). Hydrostatic pressure corresponding
to the water depth are applied on all surfaces of the model that are below the water level.

4.5. Functional Assessment of Dam Elements

The presented analysis is a part of broader research conducted within the consideration
of the integral function ability of a multipurpose reservoir system. Numerical assessment
of partial stability of the dam elements and the surrounding rock mass identified key
elements of the structure whose potential failure or loss of stability could affect the normal
functioning of this system. The analysis identified the following scenarios and their failure
mechanisms:

• Scenario 1: Damage to the grout curtain—loss of water resistance function due to
effect of seismic loads;

• Scenario 2: Damage to the overflow section with sluice gates—functionality can be
reduced due to occurrence of seismic loads;

• Scenario 3: Damage to the slope above the spillway chute—slope may lose stability as
a result of seismic loads, reduce the capacity of the spillway, and prevent evacuation
of water at high levels in the reservoir.

As noted above, the load scenario used in all conducted analyses is the effect of seismic
loads. Seismic load was applied using seismic acceleration in two directions, independently:
in the water flow direction and in the dam axis direction.

For all conducted analyses of stability, the remaining load-bearing capacity was calcu-
lated according to the theory presented in the previous section. In the conducted analysis,
it was adopted that in all finite elements in which the bearing capacity is less than 2.5%,
there is a high possibility of local loss of stability and collapse. This is especially important
in areas where the loss of local stability would jeopardize the functioning of other elements
of the system. One of such elements is the spillway. The spillway was divided lengthwise
into ten parts, so that the length of one segment approximately corresponds to the width of
the spillway section, as shown in Figure 7. The volume of the slope above the spillway was
divided in the same way: one segment of the rock mass above the spillway corresponds
to one zone of the spillway. The volume of rock mass elements in which the remaining
load-bearing capacity is below the adopted limit is compared with the volume of the
corresponding spillway segment. The ratio of the volume of the spillway segment and the
volume of the finite elements of the slope that have lost load-bearing capacity is presented
as the degree of functionality reduction of the spillway segment, accordingly, the spillway
functionality of the segment was calculated as:

Ci =

(
1−

Vi,sl

Vi,sw

)
100%, (16)

where Ci represents capacity of the ith segment of the spillway, Vi,sl is the volume of finite
elements of the ith segment with remaining load-bearing capacity less than 2.5%, and Vi,sw
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is the volume of the ith segment of the spillway. The effective capacity of the entire spillway
C represents the minimum value of the capacity of any spillway segment.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 20 
 

important in areas where the loss of local stability would jeopardize the functioning of 
other elements of the system. One of such elements is the spillway. The spillway was 
divided lengthwise into ten parts, so that the length of one segment approximately 
corresponds to the width of the spillway section, as shown in Figure 7. The volume of the 
slope above the spillway was divided in the same way: one segment of the rock mass 
above the spillway corresponds to one zone of the spillway. The volume of rock mass 
elements in which the remaining load-bearing capacity is below the adopted limit is 
compared with the volume of the corresponding spillway segment. The ratio of the 
volume of the spillway segment and the volume of the finite elements of the slope that 
have lost load-bearing capacity is presented as the degree of functionality reduction of the 
spillway segment, accordingly, the spillway functionality of the segment was calculated 
as: 

,

,

1 100%i sl
i

i sw

V
C

V
 

= −  
 

, (16) 

where iC  represents capacity of the ith segment of the spillway, ,i slV  is the volume of 
finite elements of the ith segment with remaining load-bearing capacity less than 2.5%, 
and ,i swV  is the volume of the ith segment of the spillway. The effective capacity of the 
entire spillway C  represents the minimum value of the capacity of any spillway 
segment. 

 
Figure 7. Segments of the slope used in analysis of spillway capacity reduction. 

5. Results and Discussion 
The results of numerical analyses of filtration and strength are presented below. The 

results of the filtration for the case of dam operation without damage are shown and then 
the results of the analysis with grout curtain damage. Within the strength analysis, the 
results of the seismic load effect on the dam are presented and then the results of the 
seismic load impact on the overflow section and spillway. 

5.1. Analysis of Filtration 
Within the conducted numerical analyses of filtration on the dam and the 

surrounding rock mass, for different reservoir water levels, fields of filtration quantities 
were obtained: total potential, velocity gradient, pore pressure, depth of water, and more. 
In addition to the fields above, the filtration forces necessary for the analysis of stability 
were calculated. Total potential for different reservoir water levels in case of dam normal 
operation is shown in Figure 8. 

Figure 7. Segments of the slope used in analysis of spillway capacity reduction.

5. Results and Discussion

The results of numerical analyses of filtration and strength are presented below. The
results of the filtration for the case of dam operation without damage are shown and then
the results of the analysis with grout curtain damage. Within the strength analysis, the
results of the seismic load effect on the dam are presented and then the results of the seismic
load impact on the overflow section and spillway.

5.1. Analysis of Filtration

Within the conducted numerical analyses of filtration on the dam and the surrounding
rock mass, for different reservoir water levels, fields of filtration quantities were obtained:
total potential, velocity gradient, pore pressure, depth of water, and more. In addition to
the fields above, the filtration forces necessary for the analysis of stability were calculated.
Total potential for different reservoir water levels in case of dam normal operation is shown
in Figure 8.

The presented fields of physical quantities are calculated under steady state flow
conditions, i.e., they do not consider rapid changes of the reservoir water level.

5.2. Analysis of Stability

The results of the stability analysis of the dam exposed to seismic loading are presented
below. The results are, as noted earlier, shown for the case of seismic acceleration in two
directions: direction of water flow and the direction of the dam axis.

5.2.1. Seismic Load in the Dam Axis Direction

In the case of the seismic loading in the dam axis direction, the field of total displace-
ment, plastic strain (Figure 9), as well as the fields of remaining load-bearing capacity
are shown later. From the presented results for specific load case, it can be seen that the
maximum displacement occurs in the middle of the dam crest. In contrast to displacement,
highest values of plastic strain occur in the clay core, as well as in the sides of the dam, on
the upstream and downstream supporting dam body, and at the junction of the dam and
the rock mass.

The reason for such response is the difference in the stiffness of the dam body material
in relation to the rock mass, which is especially emphasized during seismic acceleration.
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5.2.2. Seismic Load in the Water Flow Direction

In the case of seismic loading in the water flow direction, the field of total displacement,
plastic strain (Figure 10), and the field of remaining load-bearing capacity are shown
later. As in the case of seismic loading in the dam axis direction, the maximum value of
displacement occurs in the dam crest, whereas the maximum values of plastic strain occur
in the clay core. The value of plastic strain that occurs in the sides of the dam is lower than
in the previous case.
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5.3. Hypothetical Scenarios Results
5.3.1. Damage of Grout Curtain (Scenario 1)

The results of the filtration analysis in case of damage of the grout curtain for different
reservoir water levels are shown in Figure 11. Grout curtain damages are, as previously
noted, presented by increasing the filtration coefficient of the corresponding zone. Results
shown in Figure 11 show the filtration rates through the grout curtain in case of maximum
reservoir water level.

From the presented results, it can be seen that in case of grout curtain damage, there
are multiple increases in the filtration rates. This conclusion has a significant impact on the
occurrence of soil erosion in the layers below the dam body, which can affect the long-term
safety of the entire structure. Regarding the analysis of the total flow through the grout
curtain for different reservoir water levels and in the case of individual zone damage of the
grout curtain, the results are shown in Figure 12. It can be seen that the damage to some
regions has a smaller impact on the change in the total flow through the grout curtain. This
primarily refers to the zones of the grout curtain, which are located at higher altitudes, on
the left and right side of the dam body (regions 1 and 6 in Figure 5).

Potential damage to regions 2 and 5 (Figure 5) has the greatest impact on increasing
the total flow through the grout curtain. The impact of the damage on the total flow
through the grout curtain decreases with the damage to the curtain regions located in
the deeper layers of the rock mass (regions 3 and 4 in Figure 5). This response can be
explained by the fact that zones 1 and 6 are located at high altitudes and almost no water
reaches them, i.e., they are affected by upper water with low hydrostatic pressure. Zones 3
and 4 are located in the deeper layers of the rock mass below the dam, nestled between
two zones with low permeability, so such a rock mass reduced the amount of water that
reaches the grout curtain. Leakage through the grout curtain ranges from 2 × 10−4 m3/s
to 7.6 × 10−4 m3/s, which is a small quantity in relation to the average annual flow of
the Visočica river. However, damage to the grout curtain increases the possibility of local
erosion, which can have a progressive character and endanger the safety of the facility for a
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longer period of time. The fact that water losses through the grout curtain represent a loss
of energy, and thus a financial loss, which is not insignificant, cannot be ignored either.
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5.3.2. Overflow Strength Analysis (Scenario 2)

In case of seismic load in the direction of dam axis, from the displacement field of the
overflow section, as well as remaining load-bearing capacity field of the overflow section
(Figure 13), it can be concluded that there is no real possibility of damage in this part of the
structure.
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Figure 13. Overflow section for ax = 0.19 g: (a) total translation t (m), (b) remaining load-bearing
capacity RC (%).

The overflow section represents a very robust part of the structure, and there will
be no major relative displacement of the overflow side walls, but only translation of the
entire section. This displacement cannot jeopardize the operation of the overflow shutter.
Therefore, this part of the structure is not endangered under extreme loads such as an
earthquake.

In case of a seismic load in the direction of water flow, the overflow section is also not
endangered. This is concluded on the basis of small values of relative displacement, as well
as large values of the remaining load-bearing capacity of this part of the structure for the
considered load case (Figure 14).
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5.3.3. Analysis of Spillway Functionality (Scenario 3)

Regarding the remaining load-bearing capacity field used to assess the partial stability
of the structure parts, it can be seen that in case of seismic acceleration in the dam axis
direction, this quantity has the lowest value at the junction of the dam and the rock mass
on the left side of the structure (Figure 15a). This is expected because the maximum values
of plastic strain occur at the same part. Additionally noted and important for the analysis
of functionality of the overflow section, is that on the slope located just above the overflow,
there is a significant zone where the remaining load-bearing capacity is almost consumed,
along the entire length of the overflow (Figure 15b). As the plastic strain in this part of
the structure does not have significant values compared to the values in the dam body,
it is likely that for the considered load case there will be no loss of global slope stability.
However, there is a real possibility of a partial loss of stability of the slope under the effect
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of seismic loading, which would lead to the collapse of part of the slope and reduce the
capacity of the spillway.
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Figure 15. Remaining load-bearing capacity RC (%) for ax = 0.19 g: (a) whole model and (b) slope
above spillway.

In the case of seismic load in the water flow direction, the remaining load-bearing
capacity is almost non-existent in the clay core, to the left and right of the dam, as well as on
the slope in the rock mass upstream of the dam (Figure 16a). As in the previous load case,
the remaining load-bearing capacity is significantly reduced on the slope just above the
spillway (Figure 16b). Plastic strain in this area is relatively small, so there will be no loss
of global stability of this part. However, there is a real possibility of local instability, which
would cause a part of the slope to collapse into the spillway and reduce its functionality.
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above spillway.

Such local instability can have serious consequences, as such a scenario could lead to
water overflowing over the spillway walls, which would lead to erosion of the slope below
the spillway and loss of global stability of the facility and uncontrolled release of water
from the reservoir.

The analysis of the influence of seismic load intensity on the spillway capacity reduc-
tion was performed for different values of seismic acceleration. The results of this analysis
are presented as the dependence of the spillway capacity on the magnitude of the seismic
acceleration, which is shown in Figure 17 for two seismic loading directions.
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Based on the dependence of the spillway capacity on the value of seismic acceleration
in two orthogonal directions, the effective capacity was calculated, so the capacity for the
worst case was used. The dependence of the effective spillway capacity on the seismic
acceleration value is shown in Figure 18.
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The dependence formed in this way can be approximated by a third-degree nonlinear
equation:

C = 1 + 0.0529a + 0.0843a2 − 0.7087a3, (17)

where C represents the spillway capacity, and the quantity a represents the normalized
value of the maximum seismic acceleration (from 0 to 1). This approximation (red line in
Figure 18) represents a surrogate model of the FEM model behavior, which can be used in
the assessment of dynamic resilience of the analyzed multipurpose reservoir system.

Using the proposed procedure, the partial stability of the object is analyzed for load
intensities (in this case earthquakes) that do not endanger the global stability of the object,
but can compromise its long-term stability. Analysis of filtration provides information on
the location of the grout curtain, whose damage would considerably increase the water flow
under the dam body. It also provides information on which degradation would be most
threatening to the long-term stability of the dam due to erosion caused by large velocity
gradients.

Regarding the analysis of the partial stability of the slope above the spillway, the
relationship between the load intensity and the spillway capacity was defined by applying
the field of the remaining load-bearing capacity of the material. The relationship between
the intensity of an earthquake less than that which would jeopardize the global stability
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of the object and the capacity of the spillway is significant for the long-term stability of
the object. Reducing the capacity of the spillway would jeopardize the evacuation of
water from the reservoir, which could lead to an increase in the water level above the
maximum allowable level. This would jeopardize the global stability of the facility and
cause consequences for people and property. The disadvantage of the remaining load-
bearing capacity concept in the analysis of partial stability is that this vector shows the
current state of the load (not irreversible) and in the stability assessment must be analyzed
together with plastic strain field.

6. Conclusions

The paper presents an analysis of the functionality of the dam elements of the multi-
purpose water system, using the finite element method, for the example of the Zavoj dam.
Numerical analyses of the filtration and stability of the facility were conducted, and key
structural elements whose potential damage could cause a collapse or loss of water system
performance were identified. The key elements whose functionality were analyzed are
the grout curtain, the overflow section with the sluice gates, and the spillway, i.e., the
slope above the spillway. In recent years, earthquakes have been a frequent occurrence
in Serbia and the surrounding area. For this reason, seismic load has been used as a load
scenario in the conducted stability analyses presented in this paper. The impact of the grout
curtain damage and loss of water resistance function on the change of flow under the dam
body was analyzed, as was the possibility of damaging the overflow section and sluice
gates, as well as the loss of partial stability of the slope above the spillway, whose potential
damage would reduce the capacity of the spillway. Based on the results of numerical
simulations, it was concluded that damage to the grout curtain in different zones would
not significantly increase leakage under the dam body. In the worst-case scenario, the
amount of leachate below the dam would increase several times in relation to the nominal
conditions. This increase in flow is almost negligible in relation to the average annual flow
of the river Visočica, but damage to the grout curtain could cause local erosion, which can
be progressive and, in the long term, can compromise the global stability of the structure.
Additionally, water losses represent a loss of energy, and thus significant financial loss.

By analyzing the strength of the concrete overflow section and the sluice gates, it is
clear that this element of the structure is very robust, and during an earthquake of the
highest intensity there is no real possibility of damage. This conclusion is supported by
the large amount of remaining load-bearing capacity of this part of the structure. During
an earthquake of the highest intensity, the displacement of the entire part of the overflow
may occur, whereas the relative displacement in the sluice gates region is small and this
displacement will not compromise their function.

Numerical analyses of stability have shown that the spillway, i.e., the slope above the
spillway, is the weakest element of this structure due to seismic loading. For the purposes
of partial stability analysis, a new measure called remaining load-bearing capacity was
introduced. It has been shown that due to the effect of seismic loading, either in the
direction of the waterflow or in the direction of the dam axis, a partial loss of stability of
this slope can occur. At the same time, a part of the terrain could bury and fill the spillway
along the entire length or one of its parts and thus significantly reduce the performance of
the spillway to release outflows during the flood events. This hypothetical scenario can
occur in the case of the simultaneous action of an earthquake and a reservoir high water
level, which would cause catastrophic consequences for the dam itself and thus for the
population and property downstream of the dam. Based on the conducted analyses using
the finite element method, a functional dependence between the earthquake intensity and
the spillway capacity was formed, i.e., a surrogate model.

Considering the simplicity of the surrogate model, it can be incorporated within the
system of dynamic approach intended to simulate the functionality of the water system
elements under the stress such as multiple hazard events: earthquakes and floods.
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