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In recent years, extensive studies have been conducted to ensure the safety and stability of concrete dams. )e development of
numerical methods in considering more factors affecting the response of dams and also increasing the accuracy of calculation
methods has played an important role in ensuring the safety of concrete dams. )erefore, one of the most important points in the
design and analysis of concrete dams is to predict the location of cracks, expand it, investigate the phenomenon of hydraulic
failure, consider the pressure caused by the infiltration of reservoir water into cracks and joints in static and dynamic states, and
find solutions prevention of dam destruction due to this phenomenon. In the study of the effect of tensile strength, with increasing
tensile strength, the reservoir water level increases at the beginning of cracking and the final reservoir water level increases, but
there is no linear relationship between tensile strength and the two responses. In general, in examining the refractive energy
parameter in each of the states with and without taking into account the water pressure inside the crack, the results of the
mentioned models are slightly different from each other, but comparing the results shows that in nonlinear analysis considering
water pressure inside the crack failure energy change has a greater impact on the results of these models.

1. Introduction

Nowadays, it is possible to formulate the dam-foundation
system in order to consider parameters such as dam in-
teraction, foundation, presence of joints in the dam body,
cracking and crushing of concrete in tension and pressure,
opening and closing and slipping of cracks, sediment effect,
the study of the effect of rotating components earthquakes,
and the like. Due to the existence and construction of large
and small dams in the world, the need to use proper care in
the design, construction, and safety of the dam is felt more
than ever [1]. )e finite element method has been con-
sidered by many researchers as a powerful method with
many capabilities among various numerical methods,
among which its capabilities include the ability of linear
and nonlinear analysis of structures under arbitrary
loading. )e nonlinear behavior of the structure and the
cracking of the dam body have been observed in numerical
and laboratory analyses as well as experimental observa-
tions. Occurrence and spread of cracks in weighted

concrete dams are possible in lift joints, dam bases, and
places where sudden cross sections change. )e presence of
cracks in concrete dams constructed or in operation may
jeopardize the stability of the dam and disrupt its operation
[2]. Also, the growth and expansion of cracks in structures
in contact with water have secondary consequences, in-
cluding water infiltration into the crack. As a result, it
changes the distribution of stresses, and by creating ad-
ditional pressure inside the body, it leads to the expansion
of cracks, and in structures such as dams, slipping of the
separated parts will follow [3].

1.1. Literature Review. Due to the limitations of the ana-
lytical method to consider the effect of all effective factors
and also the growth of computer technology, different
numerical formulations were proposed for the analysis of the
dam-pi-reservoir system; the finite element method is one of
the most effective of these methods. To this end, Zienkiewicz
proposed a finite element formulation for solid and fluid
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coupling system analysis [4]. Biot and Ruina examined the
dynamic response of the dam system and reservoir by
considering the finite elements for the dam body and the
infinitely long components for the reservoir by assuming the
vertical upstream part of the dam. Over time, the limitations
of his proposed model were resolved [5, 6]. With the aim of
approximate modeling of refraction and reflection of waves
in the bottom of the reservoir, Boone and Ingraffea & Carter
et al., proposed an energy absorption coefficient aabs by
reservoir bottom sediments [7, 8]. In addition, Goodman
et al. investigated the effects of sediment on the bottom of the
reservoir by the finite element method by considering the
sediment as a linear and incompressible viscoelastic body
[9]. In all the works mentioned, the answers are expressed in
the frequency domain. Due to the analytical limitations of
the frequency domain and its nonapplication in nonlinear
analysis, numerical and semianalytical methods in the time
domain were performed by Bernard et al. and Bhattacharjee
et al. [10, 11].

With conventional classical methods, concrete dams are
designed for the condition that no part of the dam is
stretched under normal loads [12]. )e design method of
traction removal is analytically quite acceptable. In this
method, stability against slippage, overturning, no tensile
stress in the heel, and body of the dam are the main design
criteria, but in bulk concrete structures such as dams, due to
the high volume of concreting and factors such as creep and
thermal stresses due to hydration and small cracks. In the
early stages of dam construction, the condition of not
creating a tensile stress in the dam body is not a suitable
criterion for the design and analysis of these structures [13].

Concrete is one of the semibrittle materials. After
breaking again, the grains collapse and the structure does not
collapse at once and there will be some resistance with
decreasing stress in the structure. In other words, concrete is
a heterogeneous body, and with the occurrence and ex-
pansion of cracks in it, the tensile strength gradually de-
creases with increasing strain until it reaches zero [14]. )e
application of nonlinear fracture mechanics in comparison
with linear fracture mechanics in cracking analysis of
concrete dams is much less due to the complexity of its
application [15]. However, Visser used nonlinear fracture
mechanics and a cracked model for two-dimensional
analysis of the Quina weighted concrete dam. He also used
fixed and rotating cracked models with different shear
strength factors in Quina dam analysis. )e water level
diagram was drawn according to the displacement of the
dam head in order to compare it with linear fracture me-
chanics and plasticity [16].

2. Material and Methods

2.1. Concrete Cracking Modes. For crack (i) at a point, the
hardness of crack mode I depend DI

i on parameters such as
material fracture energy Gf, tensile strength diagram shape,
tensile strength ft, and crack bond width hc. Fracture energy

and tensile strength are constant parameters of materials.
Details of the width of the crack band are given in this
section. )e shape of the crack softness diagram in the first
mode of concrete failure will significantly change the values
of the first mode softness modulus and is one of the topics
discussed. )e softness diagram of the first mode can take
different forms as shown in Figure 1. )e hardness modulus
of the first mode of local cracks can be calculated from
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In this regard, Es, the modulus of strain softening, is
shown in Figure 1. In Figures 2 and 3, En is the normal
strain of cracked concrete in local coordinates, Scr

n is the
normal crack stress in local coordinates, ecr

nn is the local
normal crack stress, and E

f
n is the final normal crack stress,

after which the tensile stress disappears. Many laboratory
studies have shown the true failure of concrete in a non-
linear form. Various softening models have been proposed
for concrete, among which, the exponential softening
model is in good agreement with the laboratory results, but
due to the complexity in applied engineering. In this re-
search, a two-line softening diagram has been used to
approximate the true softening diagram by adjusting the
values of two parameters a1 and a2 in accordance with
Figure 2. In this research, the two-line strain-softening
equation is developed based on the following equations:
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a1 is defined as the part of tensile strength that is a factor for
flat strain softening (the first mode softening modulus uses
the slope of the second softening line slope) and a2 is defined
as the ratio of the second softening modulus to the first
softening modulus. Due to the locking and engagement of
grains and materials in the concrete slab, the shear modulus
will not reach zero immediately after cracking. )erefore,
shear stress can be developed on the next load on the crack
plate [18]. In the past, Betacharaji et al. introduced the shear
factor parameter to model the softening in cracked β con-
crete. Experimental studies also showed that the shear
modulus does not have constant values and depends on the
normal crack strain. In this study, the softening in the shear
is expressed in terms of the normal surface strains, and the
shear reduction coefficient is derived from equations (4) and
(5). Due to the above relations, the matrix of elasticity of
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cracked concrete in local coordinates for rotational cracking
is written as follows; then, with the help of the conversion
matrix, this matrix is transferred to the original coordinates
[19].
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2.2. Bandwidth Crack. In the cracked model, cracks form in
the element and propagate in an area dependent on the size
of the element. It is assumed that the fracture process occurs
in an area called the crack bandwidth [20]. Researchers have
made various suggestions for this consideration. Geiger et al.
introduced the crack bandwidth parameter of the material,
which should be 3 to 10 times the maximum grain size.
Betacharaji and Leger suggested the width of the crack band
equal to the square root of the element [21]. In the present

study, finer elements have been used in the area where there
are cracks in order to correctly model and determine the
crack path (Figure 1).

3. Analysis and Discussion

3.1. Verification. In order to perform the mathematical
model calculations presented in Chapter 3 using the finite
element method for concrete dams under the influence of
weight, reservoir water pressure and water infiltration in
leaving the computer program in FORTRAN language have
been prepared. In order to evaluate the accuracy of the
computer program prepared in this research, it is necessary
to compare the results of the computer program in linear
and nonlinear analysis with analytical and laboratory results.
)is section examines the accuracy of the formulation and
performance of a computer program in three stages.

3.2. Slotted Cutting Beam. In order to investigate the per-
formance of the computer program in the nonlinear be-
havior of materials and to predict the crack growth path, the
shear beam with the initial gap under the two-point loading
that was investigated in [22] by Betacharaji was considered
according to Figure 4. Betacharji examined the sample in the
laboratory and numerically. )e geometric characteristics of
the beam and its finite element model are shown in Figure 4.
In Figure 4, the dimensions are in millimeters. )e initial
crack was marked with a blackened area and is in line with
point C. In the numerical study performed by him, the load
was applied directly to points A and B with the ratio shown
in Figure 4. )e modulus of elasticity, Poisson’s ratio,
fracture energy, and tensile strength of this sample according
to [23] were considered equal to 27.8GPa, 0.18, 100Nm, and
2.8MPa, respectively.

In the present study, the sample network was networked
with 1300 eight-node elements. According to [24] and
according to Figure 5, in order to study the crack path more
precisely, for the networking of the sample, the size of the
elements was reduced by approaching the initial gap of the
model and smaller elements were used around the initial
gap.)e beam cracking profiles in [25] and the present study
are shown in Figures 5. As can be seen in these figures, the
cracked model in the present study follows a vertical path
from the top of the gap to below the load site. According to
the element used, the modeling of the model in the present
study is largely consistent with the reference results [25].
Also, the differences in the response of the present study and
the laboratory model can be related to the characteristics of
materials and test conditions.

3.3. Pine Flat Finite Element Model. According to the
materials presented in the second chapter of this dis-
sertation, nonlinear static analysis including water
pressure inside the crack for a low-weight concrete dam
has not been done [26]. On the other hand, the dam has
been selected as a case study in various topics such as
seismic analysis and reviewed by various researchers. For
this purpose, in the present study, the low-weight
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Figure 1: Types of softening diagrams [17].
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Figure 2: Linear rubber softens cracked concrete [17].
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concrete dam has been considered as a case study, and
the parameters of tensile strength and fracture energy in
the no-state conditions taking into account the water
pressure inside the crack have been investigated [27].

3.4. Investigation of Tensile Strength Parameter. In this
section, the results of the study of tensile strength and
fracture energy parameters in both cases with and without
taking into account the water pressure inside the crack are

A C B
P0.13P

397 61 61 397

82

224

Figure 4: Finite element model of the shear beamwith an initial gap under two-point loading in terms of (mm) (a) reference [25] and (b) the
present study.
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presented along with the comparison of the results of these
two cases [28]. As mentioned in Chapter 3 of this disser-
tation, in this study, the criterion for the onset of cracking is
tensile strength, so it is necessary to investigate the effect of
this parameter on the response of the structure [29]. For this
purpose, five different models D1, D2, D3, D4, and D5
introduced in Table 1 were tested in two cases with and
without taking into account the water pressure inside the
crack [30]. Also, in order to investigate the effect of the
tensile strength ratio on the responses, the response of each
model was measured compared to the D4 model [4].

)is section investigates the effect of the tensile strength
parameter on the response of concrete dams without taking
into account the water pressure inside the crack [31]. Fig-
ure 6 shows the horizontal displacement of the dam crown at
different reservoir water levels for the five models [32]. )e
horizontal part in each of the diagrams in Figure 6 shows the
final reservoir water level and the strength of the structure,
which increases with increasing tensile strength, the final
strength of the structure. As can be seen from this figure, at
the water level of the reservoir less than 123 meters, the
answers of the 5 mentioned models are the same and the
diagrams coincide. However, at the water level of the res-
ervoir of more than 123m, due to crack germination and its
expansion, the difference in the response of the samples
starts and continues until the final resistance of the reservoir
[33]. Due to the high tensile strength in the D1 model and
the onset of crack germination at a higher reservoir water
level, the final reservoir water level in this model is signif-
icantly different from other models [34].

Table 1 presents the results of model analysis, and the
results of each model were compared with the D4 model.
According to the values reported in Table 1 and Figure 7, by
changing the tensile strength, the reservoir water level
changes at the beginning of cracking and increases with
increasing the tensile strength [35]. In addition, the reservoir
water level when cracking spreads is different in the five
models, in each of the models D1, D2, D3, D4, and D5 with
1.5, 2.5, 5, 7, and 6 meters increase in level, respectively.
Reservoir water expands at the bottom relative to the res-
ervoir water level when a crack germinates [36]. From the
results presented in Table 1, it can be seen that with in-
creasing tensile strength, the onset of crack germination
occurs at a higher water level, but crack propagation at the
dam floor occurs less as the reservoir water level increases
[37].

As shown in Table 1, with increasing tensile strength, the
maximum horizontal displacement of the dam crown

increases, but a similar trend for crack length at the dam
floor cannot be predicted [38]. )e crack lengths of the dam
floor in models D2 to D5 are slightly different from each
other, but in model D1, due to the high tensile strength, the
crack length is approximately 1.5 times that of the other four
models [39]. However, the cracking process is the same in
the 5 models mentioned. As the water level of the reservoir
increases, cracking occurs at the Pine Flat Dam and spreads
until the final level of the reservoir water at a height of 99.5m
from the dam body, 2.5m lower than the slope downstream
of the dam that begins and expands, which increases the
horizontal displacement of the dam crown [40]. In addition,
there is no linear relationship between the ratio of the results
of the mentioned models to the D4 model and the tensile
strength ratio of each of these models. Figure 7 shows the
crack profile at the final tank water level for each model [41].

)is section examines the tensile strength parameter
taking into account the water pressure inside the crack.
Figure 8 shows the horizontal displacement of the dam
crown at different reservoir water levels for the five models.
As can be seen from Figure 8, at the water level of the
reservoir less than 110 meters, the response of the models is
the same and coincides with each other, but with increasing
the water level of the reservoir, the difference in the behavior
of each model begins and continues until the final resistance
and the biggest difference is seen in the behavior of the D1
model.

Table 2 presents the results of the analysis of the
mentionedmodels.)e results were also compared to theD4
model. According to the values reported in Table 2 and
Figure 9 with the change of tensile strength, the water level of
the tank changes during the germination of cracks and
increases with increasing tensile strength. In addition, the
reservoir water level varies as the crack propagates in these
models. Crack propagation in each of D1, D2, D3, D4, and
D5 models with 0.1, 0.1, 0.2, 0.4, and 0.5m increase of tank
water level compared to water level during germination,
respectively, happens. According to the results presented in
Table 2, with increasing tensile strength, the reservoir water
level increases during crack germination, but crack propa-
gation at the dam floor occurs less as the reservoir water level
increases and the crack expands more rapidly. As the tensile
strength increases, the crack length at the Pine Flat Dam
decreases, but this trend cannot be predicted for the max-
imum displacement of the dam crown. As can be seen in
Table 2, the maximum displacement of the dam crown
changes with the change of tensile position, but there is no
definite trend. )e cracking process is the same in all five

P P
B B

Figure 5: Shear beam cracking profiles in reference [25]: (a) laboratory model and (b) rotational crack model compared with those obtained
by the proposed method.
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models, in that with the increasing water level, cracking
occurs only at the Pine Flat Dam. In addition, there is no
linear relationship between the ratio of the results of the
mentioned models to the D4 model and the tensile strength
ratio of each of these models to the D4 model. )e cracking
profile of the mentioned models is shown in Figure 9.

3.5. Comparison of Tensile Strength without and with Water
Pressure inside the Crack. In order to examine the results of
the previous two sections in more detail, this section
compares the results of the analysis of the two states with and
without taking into account the water pressure inside the
crack. As can be seen from this table, for both cases, the
reservoir water level is the same during crack germination
and increases with increasing tensile strength. But with the
beginning of the first crack, the conditions are created for
water to penetrate into the crack, and the behavior of the
dam changes. Taking into account the water pressure inside

Table 1: Effect of tensile strength in NCP mode on different dam performance indicators.

Model name D1 D2 D3 D4
3 2 1.5 1

Reservoir water level Hi (m) 131.2 121 115 108
Hi/H4 1.21 1.12 1.06 1

Ultimate resistance (Umax)i (mm) 87.5 57.25 45.28 37.54
(Umax)i/(Umax)4 2.33 1.52 1.2 1

Maximum displacement Li (m) 52.68 38 32.12 32.11
Li/L4 1.64 1.18 1 1
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Figure 6: Investigation of tensile strength parameter on the response of the Pine Flat Dam in NCP mode.

Figure 7: Cracking profile of Pine Flat Dam in the investigation of tensile strength parameter in NCP mode.
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Figure 8: Investigation of tensile strength parameter on the re-
sponse of the Pine Flat Dam in CP mode.
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the crack, a force is formed in the crack that acts in the
direction of the instability of the dam, as a result of which,
the crack expands faster. In each of the models D1, D2, D3,
D4, andD5, the reservoir water level during crack expansion
with taking into account the water pressure inside the crack
compared to that without taking into account the water
pressure inside the crack, respectively, 1.05, 1/21, 2.5, and 6
decreased by 2.2 and 0.93%. Also, taking into account the
water pressure inside the crack, the final resistance of each
sample decreases significantly, in model D1, it decreases by
19% to 131.82 meters, and for models D2, D3, D4, and D5,
respectively, 18.28, 16, 15/16, 13/16, and 11.2% decrease is
seen.

Taking into account the water pressure inside the crack,
the difference in the final reservoir water level between
modelD2 andD5 increased from 14.9 to 2.6m. Also, in each
of themodelsD1 toD5, the difference in reservoir water level
during crack germination to the final reservoir water level of
0.98, 0.97, 0.77, 60.2, and 44.5%, respectively, decreased, so
in the mentioned case, the final level of the reservoir water
occurs earlier than in the case without taking into account
the water pressure inside the crack, and considering the
effect of water pressure inside the crack has a great effect on
the final strength. In model D1, due to the high tensile
strength, the water level of the tank during the germination
of the crack is higher than the other fourmodels. Also, in this
model, in the no-state and with the water pressure inside the
crack, respectively, for 1.5 and 0.1 (m) increase in reservoir
water level, crack expansion occurs due to the high reservoir
water level at the beginning of cracking and subsequent high
pressure in the crack.

As mentioned in the previous two sections, the cracking
process is completely different in these two cases, but in both
cases, cracking occurs at the Pine Flat Dam with different
lengths. Taking into account the water pressure inside the
crack, the crack length at the dam floor decreases by 0.43%
and 5.2% for models D1 and D2, respectively, and increases

by 105.16, 123.8, and 104.94% for models D3, D4, and D5,
respectively. In addition, without taking into account the
water pressure inside the crack, the maximum horizontal
crack length of the dam floor occurs in model D1 with the
highest tensile strength, but with the calculation of water
pressure inside the crack, the maximum crack length in the
dam floor occurs in model D5 with the lowest tensile
strength. Figure 10 shows the horizontal displacement of the
dam crown at different reservoir water levels for the five
models mentioned in both cases with and without taking
into account the water pressure inside the crack. As shown in
Figure 10, the behavior of the structure in both cases with
and without taking into account the water pressure inside
the crack before the onset of cracking is the same and the
diagrams coincide. With the expansion and infiltration of
water in the crack, the horizontal displacement of the dam
crown increases, which is followed by a change in the be-
havior of the structure.

3.6. InvestigationofFailureEnergyParameter. Failure energy
is one of the important parameters in nonlinear analysis by
nonlinear failure mechanics. )is parameter was investi-
gated by various researchers. Each researcher provided
suggestions for the value of this parameter and the factors
affecting it, some of which were mentioned in the second
chapter of this dissertation. In the present study, four dif-
ferent modelsD2,D6,D7, andD8 introduced in Table 3 were
considered in two cases with and without taking into ac-
count the water pressure inside the crack. Also, in order to
investigate the effect of refractive energy ratio on the re-
sponses, the response of each model was measured com-
pared to the D2 model.

)is section examines the failure energy parameter
without taking into account the water pressure inside the
crack. )e horizontal displacement diagram of the dam
crown at different reservoir water levels is shown in

Table 2: Effect of tensile strength in CP mode on different dam performance indicators.

Model name D1 D2 D3 D4
3 2 1.5 1

Reservoir water level Hi (m) 131.2 121 115 108
Hi/H4 1.21 1.12 1.06 1

Ultimate resistance (Umax)i (mm) 36.03 24.33 34.35 28.12
(Umax)i/(Umax)4 1.28 0.86 1.22 1

Maximum displacement Li (m) 30 36 65.88 71.87
Li/L4 0.41 0.50 0.91 1

Figure 9: Cracking profile of Pine Flat Dam in investigation of tensile strength parameter in CP mode.
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Figure 11. )e final tank water level can be seen for the
models mentioned in this figure. As can be seen from this
figure, for the D2, D6, and D8 models, the responses are
exactly the same, the change in refractive energy has no effect
on the structural response, and the ultimate strength of all
three models is about 150 meters. But in the D7 model, the
final water level of the tank is about 1.5 meters higher than
the other three models.

Table 3 presents the results of the mentioned models.
According to the values presented in Table 3, the water level
breakage energy did not change during crack germination
and is the same for the four models. )e results reported in
Table 3 show that the change of fracture energy has no effect
on water level during crack germination but affects the water
level during crack expansion. With increasing fracture en-
ergy, the final crack length at the dam floor, maximum
displacement of the horizontal crown of the dam, the final

strength, and the cracking process of the mentioned models
are almost the same. Figure 12 shows the cracking profile of
the mentioned models [42].

)e fracture energy parameter is investigated by taking
into account the water pressure inside the crack in this
section [43]. )e horizontal displacement diagram of the
dam crown at different reservoir water levels is shown in
Figure 13. As can be seen from this figure, the final reservoir
water level changes as the refractive energy changes. At water
levels less than 120m and before the start of germination, the
displacement of the mentioned models has a good adap-
tation to each other, but with the beginning of germination,
the difference in the response of the samples can be seen
[44].

Table 4 presents the results of the analysis for each of the
mentioned models. Taking into account the water pressure
inside the crack, as reported in this table, there is a slight
difference between the reservoir water level at the beginning
of the crack germination and the final reservoir water level
[45]. According to the results reported in this table, with the
change of fracture energy, the reservoir water level did not
change during crack germination and is the same in all four
models, but there is a slight difference in reservoir water level
when the crack expands at the dam floor in the model. D8,
D2, D6, and D7 with 0.1, 0.1, 0.9, and 2.5m increases in
reservoir water level compared to water level occurs during
crack germination, respectively. As reported in Table 4, the
maximum horizontal displacement of the dam crown occurs
in the D6 model. Increasing the refractive energy from 75 to
300N/m increases the maximum horizontal displacement of
the dam crown, but with increasing the refractive energy in
the D7 model to 500N/m, the maximum horizontal dis-
placement of the dam crown decreases. )is trend is also
seen in the length of cracks in the dam floor. Figure 14 shows
the cracking profile of the mentioned models.
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Figure 10: Comparison of horizontal displacement of the dam crown in NCP and CP modes of models D1 to D5 in the study of tensile
strength parameter.

Table 3: Effect of failure energy in NCP mode on different dam performance indicators.

Model name D5 D6 D7 D8
0.5 1 2 3.3

Reservoir water level Hi (m) 121.02 121.02 121.02 121.02
Hi/H4 1 1 1 1

Ultimate resistance (Umax)i (mm) 57.01 57.25 57.4 59.62
(Umax)i/(Umax)4 0.99 1 1.01 1.04

Maximum displacement Li (m) 38.3 38 39 40.4
Li/L4 1.01 1 1.03 1.06
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Figure 11: Investigation of the failure energy parameter on the
response of the Pine Flat Dam in NCP mode.
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3.7. Comparison of Failure Energy Effect without and with
Water Pressure inside the Crack. As can be seen from this
table, the reservoir water level at the time of crack germi-
nation is the same for both. But with the onset of the first
crack, conditions are created for water to penetrate into the
crack and affect the behavior of the dam. With the infil-
tration of water in the crack, a force is formed in it that acts

to create instability in the dam. In both cases, there is a slight
difference in the water level as the crack expands. Taking into
account the water pressure inside the crack in each of the
models D8, D2, D6, and D7, the difference in water level
from crack germination to the final level of reservoir water
compared to that without considering the water pressure
inside the crack is 97.21, 95.13, 88.31, and 87.5% that has

Figure 12: Cracking profile of Pine Flat Dam in the investigation of failure energy parameter in NCP mode.
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Figure 13: Investigation of the failure energy parameter on the response of the Pine Flat Dam in CP mode.

Table 4: Effect of failure energy in CP mode on different dam performance indicators.

Model name D5 D6 D7 D8
0.5 1 2 3.3

Reservoir water level Hi (m) 121.02 121.02 121.02 121.02
Hi/H4 1 1 1 1

Ultimate resistance (Umax)i (mm) 23.4 24.33 25.78 21.09
(Umax)i/(Umax)4 0.94 1 1.06 0.86

Maximum displacement Li (m) 34.44 36 41.93 26.95
Li/L4 0.95 1 1.16 0.74

Figure 14: Cracking profile of Pine Flat Dam in the investigation of failure energy parameter in CP mode.
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decreased; in addition, with increasing fracture energy, the
maximum horizontal displacement of the dam crown does
not have a definite trend.

In these two cases, the process and behavior of cracking
in the mentioned models are completely different, so that
without taking into account the water pressure inside the
crack, first cracking started at the dam floor; then, the final
water level of the crack tank is 2.5 meters lower than the
slope that starts downstream of the dam and expands at the
same level. However, taking into account the water pressure
inside the crack, cracking occurs only at the Pine Flat Dam
and spreads with increasing the water level of the reservoir.
Taking into account the water pressure inside the crack, the
length of the dam floor crack in D8, D2, D6, and D7 models
decreased by 9.98, 5.23, 7.5, and 33.3%, respectively, and the
highest dam floor crack length occurred in model D6. Ex-
cluding the water pressure inside the crack, the maximum
crack length occurred at the dam floor in the D7 model. )e
horizontal displacement diagram of the dam crown with
increasing reservoir water level for each of the models is
shown in Figure 15. As can be seen from the diagrams in
Figure 15, the final capacity of the dam is significantly re-
duced by taking into account the water pressure inside the
crack.

4. Conclusion

)e program performance in nonlinear analysis in condi-
tions with and without water pressure inside the crack was
investigated. In order to investigate the element size and the
effect of the parameters affecting the nonlinear fracture
mechanics, sensitivity analysis was performed for each of the
states with and without taking into account the water
pressure inside the crack. )en, the parameters of tensile
strength and fracture energy were investigated in the no-
state conditions and taking into account the water pressure
inside the crack under increasing stages of the reservoir
water level. In addition, by changing the mentioned pa-
rameter, the crack length of the dam floor changes. Re-
spectively, for each of the conditions with and without taking
into account the water pressure inside the crack, the max-
imum crack length occurs in the model with the lowest and
maximum tensile strength, but in general, it is not possible to
conclude a specific trend to increase or decrease the crack
floor length response. By changing the fracture energy, the
reservoir water level does not change when cracking starts

and the reservoir water level does not change with a certain
trend when the crack expands. Also, the change of fracture
energy is associated with the change of crack length, and the
maximum crack length without taking into account the
water pressure inside the crack occurs with a small difference
in the model with the highest failure energy, but with the
calculation of water pressure inside the crack, this parameter
does not change. In addition, the maximum horizontal
displacement of the dam crown does not follow a specific
trend and is associated with increases and decreases.

Symbols

DII: Hardness modulus of the second mode
G: Elastic shear modulus
b0: Primary pore pressure
p0: Initial fluid pressure
R{ }: Internal force vector
f : Volumetric force vector
α: Biot coefficient
kT: Total bulk module
kS: Solid section bulk module
n: Porosity
δij: Delta Kronecker
P: Fluid pressure.
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