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1. Introduction

Hydraulic fracturing can occur in the fine-grained core of earthen dams. This phenomenon often occurs
during the first water intake of the dam when the water pressure suddenly increases. Hydraulic fracturing in
Erath dam has investigated laboratory by many researchers (Jaworski, 1981; Jian, 2022; Patel, 2017). In this
research, the aim is to investigate numerically the phenomenon of hydraulic fracture and the effect of the
dimensions and shape of the clay core section of the Hajiler Chai Dam (an earthen dam with impermeable clay
core) located in East Azarbayjan province on the reliability coefficient of hydraulic fracture. For this purpose,
first, using Geo-Studio, the phenomenon of hydraulic fracturing has been investigated in two sections in the
middle of the core (A-A) and the upstream side of the core (B-B) of the dam for two types of materials CL and
CH. Analyzes have been done in the stages of the end of construction, initial dewatering and steady state
seepage, and the stages of dam construction have also been considered in the modeling. Also, the possibility of
hydraulic fracture in thicker cores and the bottom of the core was also investigated. Finally, the reliability
coefficient of hydraulic failure occurrence has been quantitatively calculated for each of the soils in stages and
sections and with different criteria, and the suitable soil has been suggested for use in the dam core.

2. Methodology
2.1. Modeling

The modeling of this dam has been done in Geo-Studio software in two-dimensional form and in plane strain
conditions. The analysis performed for this dam is Couple analysis of deformation and pore water pressure.
The foundation of this dam is considered to be non-deformable. The dam shell is modeled elastically and the
clay core of the dam is modeled fully elastic-plastic using the Mohr-Coulomb behavior model. Due to the high
permeability of the shell material, it is assumed that pore water pressure will not be created in the shell during
construction. In the following, 21 layers have been considered to simulate the staged construction of the dam.

2.2. End of the construction phase

At this stage of the analysis, because the reservoir has not yet been dewatering, unsaturated parameters
and wet specific gravity are used for all materials. At this stage, because there is no water pressure for hydraulic
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cracking, there is no possibility of hydraulic failure. Therefore, this stage of analysis is done only to check the
state of stresses and changes in the dam locations and in the state of total stress.

2.3. Initial dewatering stage and steady state

Considering that reservoir dewatering often takes place during a rainy season and on the other hand, the
rate of dewatering creates undrained conditions in the core, with these interpretations it is useful to simulate
the behavior of earthen dams in the initial dewatering analysis of core soil parameters. It is considered between
UU and CD.

2.4. Hydraulic fracture criteria

Based on the simple tensile criterion, if the total stress in an element is at least (3 g) less than the pore water
pressure (U) created in that element (U>30), it is assumed that hydraulic failure occurs in that element. The
following experimental relationship shows the shear criterion of Ghanbari (2001) for predicting hydraulic
fracture:

Pf=m0'h+n (1)

3. Results and discussion

The occurrence of hydraulic cracks in each element of the core of homogeneous earthen dams depends on
the stress state of the mentioned element. Therefore, the presence of geometric heterogeneity, loading and
materials are effective in this matter. According to the analyzes and graphs, it was observed that the probability
of hydraulic failure is higher for CL soil than for CH soil. Therefore, CL soil should be selected as critical soil and
CH soil as selected soil for the construction and implementation of the core. To ensure the correctness of the
selected options as critical and selected borrows, the results obtained for these two borrows have been
compared with the results of research by other researchers, including Fukushima (1986) and Satoh (2009).
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Fig. 1. (a) Comparison of hydraulic fracture pressure for CH soil in the stage of steady state in section A-A, (b) Comparison
of hydraulic fracture pressure for CL soil in the stage of steady state in section A-A

As can be seen in the above graphs, for CL soil, some points downstream of the core are prone to hydraulic
failure. While according to the criteria of other researchers, CH soil does not have much possibility of hydraulic
failure. Therefore, taking into account the criteria of other researchers, CL soil is known as critical soil and
prone to hydraulic failure, and its use in the dam core is not recommended.

In this part, for further comparison, the reliability coefficient of hydraulic failure occurrence is calculated
based on the Ghanbari shear criterion for each of the soils in the stage of initial dewatering and steady state,
and its average values are presented in Table 1. This reliability factor is actually the ratio of fracture pressure
to pore water pressure and it is different for different soils in different stages and in different criteria.
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Table 1. Average values of reliability coefficient of hydraulic failure occurrence based on Ghanbari criteria (2001) for
Hajiler Dam in Tabriz

Steady state Initial dewatering
Section Soil type
B-B A-A B-B A-A
2.58 1.94 2.45 1.36 CL
2.7 2.04 2.62 1.73 CH

According to Table 1, it can be seen that the values of reliability coefficients in the initial dewatering stage
are lower compared to the steady state and the probability of hydraulic fracturing is higher. Therefore,
dewatering of the dam reservoir is the most likely time of hydraulic fracturing.

3.2. Investigating the effect of core geometry on hydraulic fracture pressure

In this section, by changing the geometry of the core, analyzes have been performed for thicker and thinner
core than the main core for CH soil. According to Fig. (2-a), it can be concluded that with the thinnering of the
core, the hydraulic fracture pressure will decrease and therefore the probability of hydraulic fracture will also
increase. Also, in Fig. (2-b), the possibility of hydraulic failure for both CH and CL soils at the bottom of the core
is presented based on the simple tensile criterion. As can be seen, a relatively significant part of the core floor
for CL soil is prone to hydraulic failure. However, for CH soil, there is a possibility of failure at only one point in
the downstream.
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Fig. 2. (a) Comparison of fracturing pressure (kpa) in the dam considering thinner and thicker core based on simple tensile
criterion (CH), (b) Investigating the possibility of hydraulic failure at the bottom of the core based on the Ghanbari shear
criterion (2009)

4., Conclusions

The comparison showed that in CL soil there was the highest possibility of failure and also the initial
dewatering stage is more critical than steady state. The probability of hydraulic fracture rupture in the A-A
section (middle of the core) is higher than in the B-B section (oblique line next to the core) for both CL and CH
soils in the stage of initial dewatering and steady state. To ensure the correctness of the modeling work, the
results obtained for critical soil (CL) and selected soil (CH) were compared using other criteria such as
Fukushima (1986) and Yamaguchi (2009) and the results of this comparison also showed that the probability
Hydraulic fracture in critical soil is more than selected soil. The comparison of the criteria used in predicting
the hydraulic fracture pressure showed that in most cases the Fukushima criterion has the most optimistic
results and the Ghanbari criterion has the most conservative results. It is noteworthy that the criterion of Sato
and Yamaguchi (2009) does not give correct results for low stresses because the coefficient n is negative for
fine-grained soils and in low stresses, the hydraulic fracture pressure is negative, which it's not correct. Also,
the results showed that with the narrowing of the core, the hydraulic fracture pressure is reduced and therefore
the probability of hydraulic fracture will also increase.
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