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Abstract

Embankment dams may collapse because of internal erosion that develops in the crack developed in the upstream-downstream
direction by hydraulic fracturing. It is known in the literature that many dams collapsed due to hydraulic fracturing. The
hydraulic fracturing mechanism is defined as the propagation of an existing crack on the upstream face of the clay core under
hydrostatic stresses or the formation of a new crack in low-stress zones by hydrostatic stress. The variety of materials and
materials' mechanical properties generally affect the hydraulic fracturing potential. This study examined the effect of the
deformation parameters (Elasticity modulus and Poisson ratio) of the impermeable curtain-function clay core material on the
hydraulic fracturing potential. Normal Stress and Mohr-Coulomb methods were used to determine the hydraulic fracturing
potential. The principal stress values required for these two methods were determined for the maximum cross-section of the clay-
core rockfill type Cinarcik Dam by the finite element method. While the hydraulic fracturing potential is negligibly affected by
the change of deformation parameters in the Normal Stress method, this effect is clearly seen in the Mohr-Coulomb method.

© 2023 DPU All rights reserved.
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1. Introduction

The concept of hydraulic fracturing is a complex problem that arises in embankment dams and a helpful process
used to extract underground energy sources. Hydraulic fracturing (hydrofracking or hydrofracturing) is the technique
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of injecting water and chemicals into the bedrock formation at high pressure through a typical well to create new
cracks or to increase the size and connectivity of existing cracks to extract gas and oil from the formation [1]. The
most general description of hydraulic fracturing for embankment dams is the growth of existing cracks in low-stress
zones on the upstream surface with the impact of the hydrostatic pressure in the reservoir or the formation of a new
crack with the same effect [2,3]. Hydraulic fracturing can theoretically occur in homogeneous earth-fill dams but is
more likely to occur in zoned earth-fill dams when materials have different deformation and permeability
characteristics [4]. Accordingly, it is an issue that threatens dam safety by causing internal erosion with the
formation of transverse and horizontal cracks in the upstream-downstream direction, especially in clay-core rockfill
dams [5,6]. Balderhead, Hyttejuvet, Viddalstavn, Teton, and Yard's Creek Dams are world-renowned for observing
hydraulic fracturing [7].

As mentioned above, stress conditions in the environment where the failure occurs are crucial for hydraulic
fracturing. Hydraulic fracturing potential also increases where transverse, longitudinal, and local arching occurs in
embankment dams [8]. Because the elasticity modulus of the clay core in clay core rockfill dams is less than that of
the rock utilized in the shell, the clay core will want to settle more due to the loads coming from above. For this case,
vertical loads are transmitted to the shell, and transverse arching occurs. This leads to a vertical stress reduction,
particularly in the portion of the clay core close to the shell. Longitudinal arching is another type caused by stress
transfer to the abutments in dams constructed in narrow valleys. On the other hand, local arching occurs at the
contact surface of the outlet conduit and spillway with the embankment. In addition, low-stress zones may occur due
to irregularities, discontinuities, and differential settlements that will develop from surfaces with a stepped profile on
the abutment [9,10]. If the dam foundation has compressible alluvial soil, transverse cracks may develop due to low-
stress zones resulting from differential settlements [11]. Tension zones may occur when arching and differential
settlements occur, and tension cracks may develop [12].

There are different failure approaches in the literature for the mechanism of hydraulic fracturing, defined as
failure due to hydrostatic pressure in dams. The cracks expanded under shear failure [13-15] and under tensile failure
[3,16-19], as well as cases where both shear and tensile failure occur together [20-22], are also available. There are
also conflicting approaches regarding the presence or absence of pre-existing fractures in the embankments for
hydraulic fracturing development. Therefore, two critical conditions for hydraulic fracturing initiation come to the
fore. These are the low-stress zones formed due to arching and differential settlements that facilitate the development
of hydraulic fracturing and the state of the existing cracks occurring due to the same factors [23]. According to
Wang [24], hydraulic fracturing development requires rapid impounding, unsaturated core soil with low permeability
and an upstream-downstream crack.

The method for determining the hydrostatic pressure that causes hydraulic fracturing is divided into three
categories: empirical methods based on field or laboratory experiments [3,14,25], a theoretical model based on the
progression of the circular cylindrical cavity under triaxial stress conditions [26], and the conceptual model based on
fracture mechanics theories [27]. In addition, the hydraulic fracturing potential can be estimated by Nobari et al.,
[17] known as the normal stress criterion. Knowing the stress conditions developed in embankment dams for the
normal stress criterion approach and empirical and theoretical models in estimating the hydraulic fracturing potential
is necessary. For this reason, 2D or 3D numerical analyses must be performed for embankment dams when
evaluating the hydraulic failure potential.

In recent years, hydraulic fracturing has been widely evaluated through studies based on finite element method
numerical analysis [28,29]. For dams where hydraulic fracturing is observed, hydraulic fracturing is provided by
numerical analysis [30-32].

In this paper, finite element analyses were performed to obtain the effect of the clay cores’ deformation
parameters on the behaviour of hydraulic fracturing of a clay-core rockfill dam. Numerical analyses containing 18
different combinations of Elasticity modulus and Poisson ratio of clay core were used to calculate the principal stress
values required to determine hydraulic fracturing potential. After the analyses, it was seen that the result based on
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the Mohr-Coulomb criterion was affected by the clay core deformation parameters; in the normal stress criterion,
this effect was determined to be negligible.

2. Material and method

In this paper, the cross section of the Cinarcik Dam, located in Bursa, the fourth largest city in Turkey, was used
to investigate the influence of the deformation parameters (E,v) of the clay material used as an impervious core on
the hydraulic fracturing potential. Cinarcik Dam was built on the Orhaneli stream and has a height of 125. m from
the thalweg. It is located south of the Marmara Region at the coordinates of 40.01611°N and 28.77389°E (Fig. 1). It
was operated in 2002 as a clay-core rockfill dam for drinking water, agricultural irrigation, and energy production.
In the granular filter design of Cinarcik Dam, a crack-stopper filter arranged in the form of sand-gravel-rock rubble
from fine to coarse material was used. Crack-stopper filters are recommended to prevent collapse due to internal
erosion, especially in cracks formed in the upstream-downstream direction that may develop due to seismic ground
movements [33].

Fig. 1. Location of Cinarcik Dam.

Normal stress and the Mohr-Coulomb criterion were used to determine the hydraulic fracturing potential within
the scope of the study. The maximum cross-section of Cinarcik Dam is illustrated in Fig. 2.
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Fig. 2. Maximum cross-section of Cinarcik Dam.
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2.1. The Normal Stress Criterion (Nobari et al. [17])

The normal stress criterion (NSC) compares the major principal stresses occurring on the upstream face of the
clay core with the hydrostatic stresses acting on this face. When calculating the hydrostatic stresses, the maximum
water level is considered the origin point. If the factor of safety (FS) is calculated when the maximum principal
stresses (o1) at any level are in proportion to the hydrostatic stress (Py) resulting from the reservoir water level is less
than 1, hydraulic fracturing potential can be mentioned (Eq.1).

O1

FS=Ph

)

In the normal stress criterion, the walls of the cracks formed by the action of hydrostatic stresses are assumed to
be in the horizontal plane. In this method, based on the principle of tensile failure, the tensile strength of clay soils is
conservatively considered to be 0.

2.2. Mohr-Coulomb Criterion (Yanagisawa and Panah [15])

According to the Mohr-Coulomb criterion (MCC), it is stated that the planes where hydraulic fracturing occurs
are shear failure planes based on total stress. In this method, hydrostatic stresses (Ps) that cause hydraulic fracturing,
undrained shear strength parameters of clay soils (¢,: undrained internal friction angle, c,: undrained interception of
cohesion), and major (o) and minor (o3) principal stresses are considered. It is calculated as shown in Eq.2. When
the calculated hydrostatic stresses (Ps) are in proportion to the reservoir-derived hydrostatic stresses (Py,) acting on
the upstream face, the factor of safety obtained with FS= Py/Py, is less than 1. Then, it is accepted that hydraulic
fracturing will occur in the shear plane.

Pr = (1503 — 0.50,) X (1 + sing, ) + 2c,.cosd, @)

Undrained shear strength parameters must be considered realistically for this method to determine the hydraulic
fracturing potential accurately.

3. Numerical Analysis

Geostudio 2018/R2 program was used for the principal stress values required to determine hydraulic fracturing
potential using the methods described above. The analyses were carried out under two-dimensional plain strain
conditions. The finite element method was applied as the calculation method. Analyzes were carried out in 18
different combinations to investigate the change in hydraulic fracturing potential if the clay core material had
different deformation parameters (Table 1). These combinations include six different elasticity modulus (15000,
20000, 25000, 30000, 35000 and 40000 kPa) and three Poisson ratio (0.35, 0.40 and 0.45) values of core material.
Material properties of foundation, shell, and transition zones were kept constant.

Table 1. Deformation parameters considered for clay core material.

Elasticity Elasticity

Model No Modulus, E rP;lizsovn Model No Modulus, E Z;:ZS?
(kPa) ' (kPa) '

1 15000 0.35 10 30000 0.35

2 15000 0.40 11 30000 0.40
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3 15000 0.45 12 30000 0.45
4 20000 0.35 13 35000 0.35
5 20000 0.40 14 35000 0.40
6 20000 0.45 15 35000 0.45
7 25000 0.35 16 40000 0.35
8 25000 0.40 17 40000 0.40
9 25000 0.45 18 40000 0.45

The design parameters of the materials in the foundation, shell, and transition zones in the embankment dam
cross-section were taken from the literature to reflect their characteristic values. These material zones are defined by
the linear-elastic material model (Table 2). The Mohr-Coulomb material model was chosen for the clay core.
Literature was adhered to for undrained shear strength parameters, and reasonable values were taken (c,=75 kPa;
$,=10°).

Table 2. Design parameters of materials in foundation, shell, and transition zones.

Vel o, £ PO Unitvig
(kPa) '

Bedrock 20x10° 0.15 16.0

Rockfill 20x10* 0.25 20.0

Rock rubble 50x10° 0.28 195

Gravel Filter 40x10° 0.30 19.0

Sand Filter 30x10° 0.30 19.0

The maximum cross section of Cinarcik Dam was transformed into a geometric model consisting of 1498 nodes
and 1440 quads&triangles elements in numerical analysis (Fig. 3). The geometric model defines boundary
conditions around the bedrock, excluding the reservoir and downstream sides. While the base of the bedrock is
limited to displacement in both directions, the sides of the bedrock are limited to displacement only in the horizontal
direction.

= - i vuy
s [\ 7 e
el 2 B

Fig. 3. Geometric model for maximum cross-section of Cinarcik Dam.
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The numerical analysis considered the stress-deformation behaviour observed during the embankment dam
construction. For this purpose, the analysis stages were carried out as follows:

* Modeling the stress conditions in the underlying bedrock.

* Complete modeling of the upstream cofferdam.

* Creation of stresses by modeling the main dam fill in 25 layers step by step.

» Water retention in the reservoir in 3 stages and modeling of hydrostatic stresses.

In addition, at each reservoir impounding stage, buoyancy forces are applied to the materials in the shell and
transition zones below the reservoir water level by calculating the submerged unit weights. At each stage, the
analysis is continued by reducing the elasticity modules by half for the shell and transition zone materials.

4. Analyses Results
4.1. Stress and Deformation

Several analyses, including 18 combinations given in Table 1, were carried out for the determination of stresses
and deformations in the body of Cinarcik Dam. To not exceed the page limit, all combinations' stress and
deformation contours are not given; the contours of Model 18 are provided as an example in Fig. 4-7. As seen in
Fig. 4, the maximum total stress after the water impoundment occurred at the bottom of the shell and adjacent to the
corners of the core. Also, the reduction of maximum total stress in the clay core can be seen in Fig. 4.

Max Total Stress
0 =0-202
020-w0a
O w0-800a
0 &00-300kPa
0 30-100@2
0 1.00-1200°2
0 1200-1.400KP3
0 1.400- 1600°2
0 1600- 1300k
0 1.30-2003
0 2000-2200%°
02200-2400a
0 2400-26002
o =2600kPa

Fig. 4. Contour of the maximum total stress.
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0 200-1002
0100-1.10%a

o 1100-12002
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Fig. 5. Contour of the minimum total stress.
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Fig. 6. Contour of the vertical deformations.

X-Displacement

0<01-005m|
8-005-0m

Fig. 7. Contour of the horizontal deformations.
4.2. Hydraulic Fracturing

To determine the factor of safety against hydraulic fracturing to occur on the upstream face of the clay core,
major and minor principles stress values obtained from finite element analyses discussed above were used.
Calculated variations of the factor of safety against hydraulic fracturing of the Cmarcik dam with depth are
illustrated in Fig. 8. The graphs in the upper part of Fig. 8. were obtained according to the MCC, and the graphs in
the lower part were obtained by using NSC.
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Fig. 8. Variation of a factor of safety against hydraulic fracturing with depth for constant poisson ratio values.

As can be seen in Fig. 8, there is no hydraulic potential for the selected Elasticity Modulus and Poisson ratio
values for the clay core based on NSC. Contrary to NSC, in the MCC, it is understood that the factor of safety
values is affected by the deformation parameter values of the clay core, especially at the middle and lower levels of
the dam. In the MCC, the factor of safety values also increases with the increment of the elasticity modulus and
Poisson ratio. But this increase is not noteworthy for the case where the Poisson ratio is 0.45.

To more clearly interpret the variation of the factor of safety values based on the MCC and NSC method, Fig. 9
and Fig. 10 were illustrated, respectively. According to Fig. 9, in cases where the elasticity modulus is 15000 kPa,
20000 kPa, and 25000 kPa, rising the Poisson ratio from 0.35 to 0.45 increases the F.S. values. In comparison, this
increase remains limited when the elasticity modulus is 30000 kPa, 35000 kPa, and 40000 kPa. Another important
point in Fig. 9 is that with the increase in the elasticity modulus, the zone of the hydraulic fracturing potential
becomes smaller, and hydraulic fracturing is expected to occur, especially in the lower part of the dam. When the
factor of safety values calculated based on NSC was investigated, it was seen that there was no hydraulic fracturing
potential.
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Fig. 9. Variation of the factor of safety against hydraulic fracturing with depth for constant elasticity modulus values by using MCC.
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Fig. 10. Variation of the factor of safety against hydraulic fracturing with depth for constant poisson ratio values by using NSC.

Minimum values of the factor of safety for 18 different combinations and the location of the point corresponding
to this value are given in Table 3. According to the MCC method, the minimum factor of safety values varies
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between 0.603 and 1.113. In the same method, the points having minimum factor of safety values are located
between 0.040 and 0.080 of the z/H value except for Model 1 (E=15000 kPa and v=0.30). This difference can be
explained by the fact that Model 1 has the smallest Elasticity Modulus and Poisson ratio in the clay-core among 18
different combinations. It should be stated that minimum value of the factor of safety are also obtained for Model 1.
For the NSC method, the factor of safety values is greater than 1.0 in 18 different combinations.

Table 3. Minimum factor of safety values and corresponding location as depth (z/H).

Model No Meer NS Model No Mee NS¢
FSmin  Z/H***  FSpin z/H FSmin zlH  FSmin z/H
1 0.603 0440 1143  0.240 10 0.821  0.040 1.176 0.080
2 0.780 0.040 1128  0.240 11 0.911 0.080 1.174 0.040
3 1.098 0.040 1.153 0.040 12 1.113 0.040 1.178 0.040
4 0.719 0.040 1154  0.240 13 0.857  0.080 1.173 0.080
5 0.827 0.040 1153  0.240 14 0.939 0.080 1.163 0.040
6 1.092 0.040 1.176 0.040 15 1.105 0.080 1.167 0.040
7 0.775 0.040 1167  0.280 16 0.885  0.080 1.167 0.080
8 0.877 0.040 1176  0.080 17 0.956  0.080 1.151 0.040
9 1.106 0.040 1193  0.040 18 1.097 0.080 1.152 0.040

* MCC: Mohr-Coulomb Criterion
** NSC: Normal Stress Criterion
*** z: Height from dam foundation (m) H: Dam height (m)

5. Conclusions

This paper investigated the influence of deformation characteristics of clay core on the behaviour of hydraulic
fracturing of a rockfill dam. For this purpose, eighteen combinations including six elasticity modulus values and
three Poisson ratio values were established. It should be stated the geometry and other zones of the dam was kept
just to see the effect of clay core material in the series of numerical analysis. Numerical analysis shows that:

e According to the MCC method, the minimum factor of safety values varies between 0.603 and 1.113.

o The factor of safety values is greater than 1.0 in the NSC method for all combinations.

e The factor of safety values is affected by the Elasticity Modulus and Poisson ratio values of the clay core,
especially at the middle and lower levels of the dam for the MCC method.

¢ The factor of safety values also increases with the increment of the Poisson ratio and elasticity modulus. But, this
increase is not noteworthy for the case where the Poisson ratio is 0.45.

e The zone of the hydraulic fracturing potential becomes smaller and hydraulic fracturing is expected to occur
especially in the lower part of the dam with the increase in the elasticity modulus in the MCC method.

Results given above show that, hydraulic fracturing potential is closely related deformation characteristics of clay
core. It is not possible to claim that this is the only effect. In the future, when more detailed studies including
variations in the properties of the transition zone and shell material with the variations in the clay core parameters
will be performed, results will be guiding the professionals working on dam engineering.

182



Topgu, S., & Seyrek, E., (2023). Journal of Scientific Reports-A, 55, 173-184
Acknowledgements
This research received no specific grants from any funding agency in public, commercial or non-profit sectors.
References

[1] United States Geological Survey (USGS). “Hydraulic Fracturing.” usgs.gov. https://www.usgs.gov/mission-
areas/waterresources/science/hydraulicfracturing#:~:text=Hydraulic%20fracturing%20(informally%20known%?20as
,bedrock%20formation%20via%20a%20well (accessed November, 2, 2023).

[2] S. Topeu, “Kil gekirdekli kaya dolgu barajlarda hidrolik gatlama potansiyelinin tahmin edilmesi,” DSI Teknik
Biilten, 125, 1-7, 2017, https://dsiteknikbulteni.dsi.gov.tr/.

[3] G.W. Jaworski, J.M. Duncan, H.B. Seed, “Laboratory study of hydraulic fracturing,” Journal of the Geotechnical
Engineering Division, 107(6): pp. 713-732, 1981, https://doi.org/10.1061/AJGEB6.0001147.

[4] J.L. Sherard, “Embankment dam cracking,” in: Embankment-Dam Engineering (Casagrande Volume), R.C.
Hirschfeld and S.J. Poulos, Eds. New York, USA: John Wiley, 1973, pp. 324-328.

[5] R. Fell, M, Foster, R. Davidson, J. Cyganiewicz, G. Sills, N. Vroman, “A Unified method for estimating
probabilities of failure of embankment dams by internal erosion and piping,” The University of New South Wales,
Sydney, Australia, UNICIV Report R-446, 10-8, 2009.

[6] USBR, “Internal erosion risks for embankments and foundations,” U.S. Bureau of Reclamation, Denver, CO,
Technical Report V-4, 2019, https://www.usbr.gov/damsafety/risk/BestPractices/Chapters/D6-
InternalErosionRisksForEmbankmentsAndFoundationsWithAppendices.pdf.

[7] K.Y. Lo, K. Kaniaru, “Hydraulic fracture in earth and rock-fill dams,” Canadian Geotechnical Journal, 27, pp.
496- 506, 1990, https://doi.org/10.1139/t90-064.

[8] M.M. Rezaei, B. Salehi, “The effect of changing the geometry and compaction degree on arching of earth dams,”
in  Geo-Frontiers  2011: Advances in  Geotechnical Engineering, 2011, pp. 3207- 3216,
https://doi.org/10.1061/41165(397)328.

[9] H.N. Bui, R. Fell, C. Song, “Two and three dimensional numerical modeling of the potential for cracking of
embankment dams during construction,” The University of New South Wales, Sydney, Australia, UNICIV Report
R-426, 2009, https://vm.civeng.unsw.edu.au/uniciv/R-426.pdf.

[10] K. He, C. Song, R. Fell, “Assessing potential cracking zones in embankment dams,” in 23rd Australasian
Conference on the Mechanics of Structures and Materials (ACMSM23), 2014, vol. 1l, Byron Bay, NSW, 9-12
December, Southern Cross University, Lismore, NSW, pp.721-726,
https://espace.library.uq.edu.au/records/search?page=1&pageSize=20&sortBy=score&sortDirection=Desc&searchQ
ueryParams%5Ball%5D=Proceedings+of+the+23rd+Australasian+Conference+on+the+Mechanics+of+Structures+

and+Materials+(ACMSM23).

[11] K. Narita, “Design and construction of embankment dams.” Department of Civil Engineering, Aichi Institute of
Technology, 2000, https://aitech.ac.jp/~narita/tembankmentdamZ.pdf.

[12] H. Tosun, S. Topgu “Toprak dolgu barajlarda hidrolik ¢atlama,” Uluslararasi Katilimli IV. Ulusal Baraj
Giivenligi Sempozyumu, Elazig, Tirkiye, s.519-530, 2014, https://www.barajguvenligi.com/yayin/584/4-ulusal-
baraj-guvenligi-sempozyumu-2014.

[13] P.R. Vaughan, “The use of hydraulic fracture tests to detect crack formation in embankment dam cores,”
Department of Civil Engineering, Imperial College, UK, Interim Report, 1971.

[14] A. Mori, M. Tamura, “Hydrofracturing pressure of cohesive soils,” Soils and Foundations, 27 (1), pp. 14-22,
1987, https://doi.org/10.3208/sandf1972.27.14.

[15] E. Yanagisawa, A.K. Panah, “Two dimensional study of hydraulic fracturing criteria in cohesive soils,” Soils
and Foundations, 34, pp. 1-9, 1994, https://doi.org/10.3208/sandf1972.34.1.

[16] I. Torblaa, B. Kjoernsli, “Leakage through horizontal cracks in the core of Hyttejuvet Dam,” Norwegian
Geotechnical Institute Publication, Issue 80, pp. 39-47, 1968, https://trid.trb.org/view/122553.

183


https://www.usgs.gov/mission-areas/waterresources/science/hydraulicfracturing#:~:text=Hydraulic%20fracturing%20(informally%20known%20as,bedrock%20formation%20via%20a%20well
https://www.usgs.gov/mission-areas/waterresources/science/hydraulicfracturing#:~:text=Hydraulic%20fracturing%20(informally%20known%20as,bedrock%20formation%20via%20a%20well
https://www.usgs.gov/mission-areas/waterresources/science/hydraulicfracturing#:~:text=Hydraulic%20fracturing%20(informally%20known%20as,bedrock%20formation%20via%20a%20well
https://doi.org/10.1061/41165(397)328

Topgu, S., & Seyrek, E., (2023). Journal of Scientific Reports-A, 55, 173-184

[17] E. Nobari, K.L. Lee, J.M. Duncan, “Hydraulic fracturing in zoned earth and rockfill dams: a report of an
investigation,” California Univ Berkeley Coll of Engineering, USA, DTIC Document, 1973, https://erdc-
library.erdc.dren.mil/jspui/handle/11681/20528.

[18] S. Nishimura, H. Shimizu, “A study of the measurement of fracture toughness in cohesive soil —relationship
between the size of initial crack and diameter of specimen,” Paddy and Water Environment, 2: pp. 27-32, 2004,
https://doi.org/10.1007/s10333-004-0036-5.

[19] S. Nishimura, “Occurrence of extensile cracks in cohesive soils due to compression,” Soils and Foundations,
45, pp. 1-8, 2005, https://doi.org/10.3208/sandf.45.3 1.

[20] J.J. Wang, J.G. Zhu, C.F. Chiu, H.J. Chai, “Experimental study on fracture behaviour of a silty clay,”
Geotechnical Testing Journal, 30, pp. 303-311, 2007, DOI: 10.1520/GTJ100715.

[21] JJ. Wang, H.P. Zhang, M.J. Zhao, X. Lin, “Mechanisms of hydraulic fracturing in cohesive soil,” Water
Science and Engineering, 2, pp. 95-102, 2009, https://doi.org/10.3882/j.issn.1674-2370.2009.04.009.

[22] J.J. Wang, Y.X. Liu, “Hydraulic fracturing in a cubic soil specimen,” Soil Mechanics and Foundation
Engineering, 47, pp. 136-142, 2010, https://doi.org/10.1007/s11204-010-9101-9.

[23] D.Q. Tran, S. Nishimura, M. Senge, T. Nishiyama, “Risk of embankment dam failure from viewpoint of
hydraulic fracturing: Statistics, mechanism, and measures,” Reviews in Agricultural Science, 8, pp. 216-229, 2020,
https://doi.org/10.7831/ras.8.0_216.

[24] J.J. Wang, “Hydraulic fracturing in earth-rock fill dams,” John Wiley & Sons, 2014.

[25] A. Ghanbari, S.S. Rad, “Development of an Empirical Criterion for Predicting the Hydraulic Fracturing in the
Core of Earth Dams,” Acta Geotechnica,10(2), pp. 243-254. 2015, https://doi.org/10.1007/s11440-013-0263-2.

[26] A.K. Panah, E. Yanagisawa, “Laboratory studies on hydraulic fracturing criteria in soil,” Soils and Foundations
29(4), pp. 14-22, 1989, https://doi.org/10.3208/sandf1972.29.4_14.

[27] L.C. Murdoch, “Hydraulic fracturing of soil during laboratory experiments, part 1 methods and observations,”
Geotechnique 43(2), pp. 255-266, 1993, https://doi.org/10.1680/ge0t.1993.43.2.255.

[28] z. Liu, C. Wang, “The analysis of stress, deformation and arch effect of the Lianghekou earth-rockfill dam,”
Indian Geotech J 46(1), pp. 77-84, 2016, https://doi.org/10.1007/s40098-015-0154-6.

[29] P. Talukdar, A. Dey, “Finite element analysis for identifying locations of cracking and hydraulic fracturing in
homogeneous earthen dams,” International Journal of Geo-Engineering, 12(1), pp. 1-26, 2021,
https://doi.org/10.1186/s40703-020-00139-8.

[30] D.Q. Tran, S. Nishimura, M. Senge, T. Nishiyama, “Research on cause of dam failure from viewpoint of
hydraulic fracturing—case study of a dam failure in Vietnam,” GEOMATE Journal, 14(41), pp. 86-94, 2018,
https://geomatejournal.com/geomate.

[31] S.K. Razavi, B.M. Hajialilue, A. Dabaghian, “Investigation into the internal erosion and local settlement of
Esfarayen Earth-Fill Dam,” Journal of Geotechnical and Geoenvironmental Engineering, 146(4), 4020006—4020013,
2020, https://doi.org/10.1061/(ASCE)GT.1943-5606.0002216.

[32] M. Salari, A. Akhtarpour, A. Ekramifard, “Hydraulic fracturing: a main cause of initiating internal erosion in a
high earth-rock fill dam,” International Journal of Geotechnical Engineering, 15(2), pp. 207-219, 2021,
https://doi.org/10.1080/19386362.2018.1500122.

[33] USBR, “Design standard no. 13-Embankment dams, protective filters,” U.S. Department of Interior Bureau of
Reclamation, p.1-191, 2011, https://www.usbr.gov/tsc/techreferences/designstandards-datacollectionguides/finalds-
pdfs/DS13-5.pdf.

184



