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ABSTRACT: Hydraulic fracturing is one type of the dam internal erosion leading to concentrated leaks and
dam failure. During reservoir impounding, cracks in rock or soil can be initiated and expanded by water
pressure. The crack expansion increases the permeability of the soil or rock foundations. A numerical model
of crack deformation was established based on the finite elements method to study crack characteristics due to
hydraulic fracturing pressure. The crack of | mm wide and 600 mm long is modeled on 1 x 1 m of rock mass
with the overburden pressure and pore pressure in the crack. The permeability of crack rock with orientations
was examined using the equivalent permeability based on crack width due to hydraulic fracturing. The results
revealed that crack closure varied with the elastic modulus of the filler and the orientation along the crack
surface. During reservoir impounding, the crack openings were related to hydraulic pressure and crack
orientation. The model of crack opening indicated that the vertical crack orientation was likely to widen more
than the horizontal crack orientation, with crack openings in the range 0.003-0.37 mm. The range in rock crack
permeability with such crack openings was 5x10%-1.65 m/s that agreed well with the range of field permeability
based on the Lugeon test of 1.27x10** to 4.96x10- m/s. Crack openings due to hydraulic fracturing can be used
to predict the rock crack permeability within the hydraulic fracturing area in the dam or its foundation.

Keywords: Crack deformation, Earth dams, Hydraulic fracturing, Rock crack permeability

1. INTRODUCTION level, crack orientations and spacings, rock and
crack-filler  stiffness.  Finally, the crack
Damages and failure of earth dams due to piping characteristics were related to rock mass
erosion account for 30-50% of total failures [1-3]. permeabilities. The results will provide the relevant
The cause is usually concentrated leaks from data for further studies of dam leakage due to
seepage through the dam and its foundation. Under hydraulic fracturing.
pressure, the water seeps through expanded cracks
in the soil or rock, causing progressive erosion 2. BACKGROUND
called hydraulic fracturing [4].
Cracks in soil or rock foundation are considered 2.1 Hydraulic Fracturing

a significant issue for dam safety and they often
occur after the first or second reservoir filling. A
concentrated leak from the dam and its foundations
can lead to breaching failure. Cracks due to
hydraulic fracturing are generally induced by the
rising water level in the reservoir and the resulting
water pressure exceeds the normal stress on pre-
existing cracks [5].

Well-known studies on internal erosion by crack
expansion mentioned the Teton dam [6] and the
Hyttejuvet dam [7]. However, detailed study is still
limited on crack expansion related to permeability.
Liu et al. [8] showed the relationship between crack
deformation and permeability in a laboratory
triaxial test.

The current paper attempts to research the
cracking mechanism due to hydraulic fracturing in
a case study of Dike 4 in the Sirikit Dam. Crack
deformations were studied using the finite element
method (FEM) on various factors such as reservoir

Cracks in dams result from many factors, such
as differential settlements, seismic activity, and
hydraulic fracturing. Leakage through cracks can
initiate progressive piping and failure of earth dams.
Internal erosion is one of the major failure modes
for earth dams, appurtenant structure, and levees.

Failures and incidents by internal erosion of
embankment dams and their foundations were
classified by the International Commission on
Large Dams (ICOLD) into three general failure
modes as shown in Fig.1. The process of internal
erosion begun with the initiation and continuation
of erosion resulting in the progression to form the
breach formation for internal erosion and piping.
The problem to detect that internal erosion has been
initiated relates to the typical processes of initiation:
concentrated leak, backward erosion, suffusion, and
contact erosion [9].
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Fig.1 Internal erosion process leading to dam failure

Usually, the concentrated leaks occur on earth
dams during the first or second reservoir fillings.
The cracks form at the end of just after construction
at the location of stress arching [5, 10].

Cracks due to hydraulic fracturing can occur in
the dam body or its foundation when the seepage
pressure at a particular location is greater than the
minor principal stress plus the tensile strength of the
soil [9]. Then critical hydraulic fracturing (HF)
pressure is given by Eq. (1):
Up=03+T; (1)

where; Uy is the HF pressure; o3 is the minor
principal stress; and T is the tensile strength of the
soil or rock. With cracked or cleavage rock, the
tensile strength is negligible. In such cases, the
critical hydraulic fracturing (HF) pressure is given

by Eq. (2).
(2)

HF is the progressive process; when seepage
pressure from reservoir filling reaches the trigger
level, and a crack can propagate from pre-existing
cracks. Thus detection and protection of hydraulic
fracturing is important for the safety of dams [11].

2.2 Cracking Process Due to Hydraulic Fracturing

In general, pre-existing rock cracks occur as a
result of the weathering process on rock joints and
bedding [12]. When the dam is impounded,
hydraulic pressure causes the expansion of cracks
and this can increase permeability and lead to
concentrated leakage and dam instability [13].

Existing rock before dam construction contains
cracks and filler material in the crack [14]. After the
dam construction, the settlement of earth dams is
dependent on the influence of deformation moduli
and the characteristics of the embankment [15]. The
crack width is reduced by the imposed load of the
dam. However, the cracks are expanded by the HF
pressure during reservoir impounding, as shown in
Fig.2.
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Fig.2 Stages of crack deformation

Stage a) Crack with filler under in-situ stresses:
Weathering of the rock and soil by physical and
chemical processes can cause cracks. The
weathered or transported material can fill in the
crack. This stage is pre-existing cracks with filler in
the cracks.

Stage b) Crack after construction load: After
dam construction, the crack width closes due to
embankment loading.

Stage c) Crack after construction load and
reservoir seepage pressure: After the first reservoir
filling, water pressures penetrate into pre-existing
cracks which can re-open the cracks and create
hydraulic fracturing erosion.

2.3 Permeability of Rock Mass with Cracks

The rock mass naturally contains fractures and
cracks. The cracks may be partially or fully filled
with filler materials of rock or small soil particles
[16]. The permeability of the rock mass increases
according to the crack openings [17].

At present, detailed studies on permeability with
a filler in cracks have been conducted modeled
using the cubic law by establishing a Darcy-Stokes
model as shown in Fig.3. The permeability of a
crack (k.) is expressed as a function of the crack
width (w) as shown in Eq. (3) [18, 19].
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Fig.3 Generalized model of rock mass with cracks
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where g, w, and v are gravitational acceleration,
crack width, and kinematic viscosity of the fluid,
respectively. Overall permeability of rock mass
with cracks or the equivalent permeability (k) can
be derived as given in Eq. (4).
kr = kg +nc-w(ke — kg) “4)

Where kj is the permeability of intact rock. n,
is the number of cracks per 1.00 meter of a rock.

2.4 Study Area

The saddle dam (Dike 4) of the Sirikit Hydro-
power Dam project was used in the current case
study. The dam is located in Tha Pla district,
Uttaradit province Thailand. It is an earth dam
constructed during 1968 to 1972. Dike 4 is located
in the regional geology of metamorphic rock,
consisting of phyllite, chlorite-quartz schist,
quartzite, quartz schist, and some other
metamorphosed rock. The intrusion of igneous rock
in the area creates foliation by tectonic forces.
Consequently, rock foundations have become
overturned folds in the northeast-southwest
direction (Fig.4) [20]. The bedding inclination
angles are generally 70-90 degrees, measuring from
rock cores and outcrops, as shown in Fig.5.

Sedimentary and Metamorphic rocks

Fig.4 Geology and cross-section of Dike 4
(Modified from DMR, Thailand [21])

During 1995, Dike 4 exhibited problems with
seepage and stability on the downstream slope. The
wet area was also visible downstream of the dam.
Piezometer readings were closely related to the
reservoir water level. The high-pressure layer was
in the lower part of the residual soil sitting on the
highly weathered phyllite. This can cause stress-
arching that allows the water to seep through the
crack opening.
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Fig.5 Field measurements from rock cores to assess
distribution for dip angle

A Semi-Quantitative Risk Assessment report by
the Geotechnical Engineering Research and
Development Center [22] indicated that Dike 4 had
potential for internal erosion that would
significantly affect seepage and the stability of the
dam. Thus, the study of crack characteristics due to
hydraulic fracturing is essential evidence to explain
these phenomena. The current rock crack modeling
was performed using the finite element method
(FEM).

3. MATERIALS AND METHODS
3.1 Crack Deformation after Dam Constructions

Analyses of crack deformation were established
based on the FEM applied to model 1 m? using
SIGMA/W in the GeoStudio package. The 1 x 1 m
of rock mass with several patterns of rock crack
orientation was used to simulate the rock conditions
in the field.

The in-situ stresses were calculated at a depth of
40 m from the dam crest, corresponding to the
phyllite layer. Furthermore, the overall pore
pressures were equal to the piezometric
measurement in the field. As a result, the principal
stresses 0; and o3 were applied to the model as 800
kPa and 500 kPa, respectively. The boundaries were
fixed on the bottom and both vertical sides.

An initial crack was assumed to be 1 mm wide,
600 mm long, and completely filled by the filler.
Three filler elastic moduli were assigned as E =
1,000, 10,000, and 100,000 kPa. Crack orientations
(@) or dip angles were varied using 10°, 22.5°, 45°,
67.5°, and 90°, respectively as shown in Fig.6.

The mechanical parameters of the model were
obtained from a study by the Research Center for
Sustainable Infrastructure Engineering [23], as
shown in Table 1.
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Table 1. Mechanical parameters of rock material
model

Parameter Value
Material model Phyllite
Elastic moduli, E (kPa) 500000
Poisson's Ratio, v 0.32
Cohesion, ¢ (kPa) 700
Friction angle, @ (°) 28
Permeability, k (m/s) 5x10°
01
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Fig.6 Crack model under in-situ stresses

The filler in the crack model under in-situ
stresses was examined based on different crack
orientations under different filler elastic moduli to
study the factors affecting crack deformation due to
the dam construction loading.

3.2 Crack Deformation Due to Hydraulic Fracturing

The first stage of modeling the crack closure due
to the construction load was analyzed. Then, the
crack expansion from hydraulic fracturing pressure
was analyzed. In every case, the minor principal
stress and inside water pressure were perpendicular
to the crack surfaces [24].

As shown in Fig.7, the left and right boundaries
were assigned as fixed in the horizontal direction.
Hydraulic pressures in the crack were 50, 100, 150,
200, and 250 kPa, to model possible ranges of
seepage pressure from the reservoir. Although there
was filler in the crack, the hydraulic pressures were
assumed to be fully acting on the crack surface.

The relationship between crack deformation and
hydraulic pressures was investigated to estimate the
crack opening due to HF pressure with different
crack orientations. The crack opening was
expressed as crack width due to the HF pressure for
later calculation of the rock crack permeability.
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Fig.7 Hydraulic fracturing pressure in crack
3.3 Calculation of Rock Crack Permeability

Rock crack permeability in the dam foundations
generally varies with the joint pattern, density, and
the degree of weathering. Usually, the seepage
water will flow along cracks or joints according to
Eq. (3), while flows through intact rock itself are
comparatively very small. Thus, the overall
permeability of the rock crack is a combination of
the intact rock permeability and crack permeability
according to Eq. (4), which is called the equivalent
permeability.

Permeability is dependent on the joint density
and crack/joint spacing, which are obtained from
the rock mass rating (RMR). In this study, the joint
spacing within a 1 x 1 m of rock mass in the study
area based RMR evaluation were mainly in the
range 0.01-0.40 m with the depth as shown in Fig.8
and the number of cracks or joints occurring was in
the range 1-50 cracks/m [23].

Therefore, the permeability of the rock mass
with cracks was investigated based on crack width
due to HF pressure and crack spacing to determine
the rock crack permeability.

Crack/Joint Spacing of Saddle Dike, Sirikit Dam
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Fig.8 Crack spacing of Saddle Dike, Sirikit Dam
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4. RESULTS AND DISCUSSION

4.1 Crack Closure after Dam Construction

The crack deformations of the models were
studied for crack orientations of 10°, 22.5°, 45°,
67.5°, and 90° and for filler moduli of 1,000, 10,000,
and 100,000 kPa. The crack deformation along the
crack surface was established the XY-displacement
as the deformation perpendicular to the crack
surface. The results for 67.5° crack closure are
shown in Fig.9.

This perpendicular displacement along the crack
surface varied with the elastic moduli of the filler.
Crack closure involves inward crack deformation
between the upper and lower locations of the crack
surface along the section A-A, as shown in Fig.10.

The surrounding rock is squeezed into a crack
by the load from dam construction. The closure for
a 67.5% crack were 0.4039, 0.0594, and 0.0059 mm
for 1,000, 10,000, and 100,000 kPa filler elastic
moduli, respectively. Thus, the elastic moduli of the
filler had the primary effect on crack closure.

For the crack angles in Fig.11, the crack at & =
22.5° had the maximum crack closure, while the
crack at @ = 90° had the minimum crack closure.
Crack closure for the average bedding angle of & =
67.5° yielded intermediate values.

These analyses illustrated that crack closure
increased as the filler elastic modulus decreased.
The closure decreased rapidly when the modulus

increased from 1,000 to 10,000 kPa but then slowed
when the modulus was greater than 10,000 kPa. The
crack closure was also dependent on the crack
orientation. Even though the filler materials in the
crack were assumed to be rather weak materials in
the initial stage, when the construction load was
applied, the filler would be consolidated and
become a denser material later.

4.2 Crack Opening Due to Hydraulic Fracturing

Hydraulic fracturing in the case study was
recorded when the reservoir was filled
approximately higher than the crack elevation.
During the construction, the crack with filler
material was squeezed inward to a certain extent.
However, in the FEM modeling, the crack surface
was subjected to hydraulic fracturing pressure only.
The initial crack widths were under zero hydraulic
fracturing and were only subjected load from the
overburden and dam construction pressure. The
initial crack widths before expansion are shown in
Table 2.

Table 2 Initial crack width details

Initial crack width, w; (mm)

Orientation 10°  22.5° 45° 67.5° 90°
Crack width  0.03 0.18 0.25 044 049
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Fig.9 Crack displacement under construction loading with various filler elastic moduli

Crack deformation at 1000 kPa of filler’s elastic moduli

Crack deformation at 10000 kPa of filler’s elastic moduli

Crack deformation at 100000 kPa of filler’s elastic moduli
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Fig.10 Crack closure along section A-A with various filler elastic moduli
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Crack closure in crack rock
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Fig.11 Effect of crack closure based on orientation
and filler modulus

Analyses of the crack deformation with
orientations under HF pressures were obtained from
the XY displacement, as shown for the example of
a = 67.5° in Fig.12. The XY displacement along
the crack surface was established as the components
of deformation perpendicular to crack surface. The
crack opening (w,) due to HF pressure is given by

Eq. (5):
W, = Axy —w;

)

Yy VY VY ¥V VY Y Y Y Y Y VY VYV Y

Bl NN
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XY-Displacement
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[ 0.0008 - 0.001 m
[ 0.001-0.0012 m
[ 0.0012-0.0014 m
H20.0014m

HF Pressure = 250 kPa J

Fig.12 XY displacement of crack due to HF
pressure = 250 kPa

where Ayy is XY displacement perpendicular to
the crack plane and w; is the initial crack width.

Table 3 provides the crack openings under the
influence of hydraulic fracturing pressures at
various crack orientations.

Fig.13 shows the plot of crack openings at
different HF pressures, with the linear relationship
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between crack opening and HF pressure clearly
evident. The crack opening at a = 90° had the
highest value of 0.373 mm at 250 kPa pressure. The
opening gradually reduced for a = 67.5° 45°
22.5° and 10°. The results showed that as the crack
angle increased, the crack openings tended to
increase. These crack openings were used to
calculate the rock mass permeability according to
Eq. (3) and (4).

Table 3. Crack openings (mm) under HF pressures

Crack Crack Opening, w, (mm)
Orien HF Pressure (kPa)
tation 50 100 150 200 250
10° 0.003 0.008 0.012 0.016 0.020
22.5°  0.027 0.055 0.082 0.109 0.137
45° 0.042 0.084 0.127 0.169 0.211
67.5° 0.066 0.132 0.197 0.263 0.329
90° 0.075 0.149 0.224 0.298 0.373
Crack openings under HF pressures
0.40
0.35 /J+
Eoso -
5 0.25 ;
§ 020 = %~ l ‘
2015 ‘ 1 ‘
8 | \
==
0.00 4 ‘L——L
0 50 100 150 200 250 300
HF-Pressure (kPa)
-0-10.0 Deg 22.5 Deg 45 Deg. -#-67.5Deg. --90.0 Deg.

Fig.13 Crack opening under different HF pressures

4.3 Permeability Increasing Due to Hydraulic
Fracturing

Fig.14 shows the relationship between rock
mass permeability and width of the crack. For one
crack per meter of rock, for a width less than 0.0035
mm (the “controlled crack width”), the overall
permeability was constant and controlled by the
permeability of the intact rock or “intact rock
control”. For a crack width greater than 0.0035 mm,
the overall permeability increased with increasing
crack width or “rock crack control”. As the number
of cracks per meter of rock increased, the controlled
crack widths decreased. The controlled crack
widths reduced to 0.0015 and 0.0005 mm for 5 and
50 cracks per meter, respectively. These results
were in agreement with the rock crack permeability
characteristics reported in the studies by Zhang [25]
and Ye et al. [26].

From the field investigation data as shown in
Fig.8, that the number of cracks per meter was
commonly in the range 1-50 cracks/m. Overall
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permeabilities with the numbers of cracks are
expressed in Fig.15 as the relationship between rock
permeability and crack width. The maximum
controlled crack width was 0.0085 m.

The maximum crack openings for every crack
orientation due to hydraulic fracturing were in the
range 0.003-0.373 mm and this was defined as the
crack width for calculating rock crack permeability.
Thus, the range in rock crack permeability was
5x10°-1.65 m/s.

This permeability range was covered and
matched well with the range of field permeability
value from the Lugeon test, which were in the range
1.27x10*-4.96x10- m/s. Thus, the ranges of rock
crack permeability calculation and field
permeability were in agreement.

Crack rock permeability
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Fig.14 Permeability of intact rock and rock cracks
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Fig.15 Rock crack permeability and crack width
5. CONCLUSIONS

A numerical model was developed using the
finite element method based on a 1 m? piece of rock
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to understand the mechanics of rock cracking.
Furthermore, crack closure after dam constructions
and crack opening due to hydraulic fracturing were
investigated based on crack characteristics.

Rock crack permeability due to hydraulic
fracturing was related to crack width based on the
crack model. According to the above study, the
following conclusions were made.

(1) Our understanding of crack mechanisms can
be enhanced using rock crack modelling of crack
closure after dam construction and of crack opening
due to hydraulic fracturing, with the final crack
width related to permeability increasing.

(2) Crack closure increases as the elastic
modulus of the filler decreases. A crack at a = 90°
produced the minimum crack closure, while a crack
at @ = 22.50° produced the maximum closure.
These results suggested that crack closure after dam
construction can have a significant impact the
variation in the elastic modulus of the filler and the
orientation along the crack surface.

(3) A crack at a = 90° produced the maximum
crack opening due to hydraulic fracturing pressures
but the opening decreased as the crack angle
decreased. The crack opening linearly increased
with HF pressure. These findings suggested that a
crack opening for a vertical crack orientation would
likely be wider than a horizontal crack orientation.

(4) A consequence of crack opening being
related to permeability indicated 2 characteristics:
intact rock-controlled and rock crack-controlled
permeability. The permeability increase was subject
to the number of cracks and crack openings.

(5) The results from the modeling of crack
openings produced crack widths in the range 0.003-
0.37 mm. These crack widths established
permeability due to hydraulic fracturing. Thus, the
range of rock crack permeability was 5x107-1.65
m/s. This range matched well with the field
permeability from the Lugeon test in the field,
which was in the range 1.27x10%-4.96x1073 m/s.

The results from the model will help to
understand crack characteristics. Cracks opening
due to hydraulic fracturing can be used to predict
the possible range of rock crack permeability.
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