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Abstract

Hydraulic fracturing in clay core of earth-rock fill dams appear when fluid pressure becomes
higher than the total stress at a point, developing tensile effective stress conditions within the
soil. In this paper, hydraulic fracture in an earth-rockfill dam is modelled using eXtended Finite
Element Method (XFEM). The finite element simulation of Hyttejuvet dam is carried out to
exhibit the pore pressure developments at various locations of the dam, which are compared
with measured in-situ measurement and monitoring data. A prominent arching at the mid-depth
of the upstream core face could be noticed at the location of crack appearance in the dam. The
fracture occurs in a nearly vertical direction, orthogonal to the maximum effective tensile stress
direction within the core. The influence of various characteristic properties of core material on
initiation of hydraulic fracture is investigated. It is concluded that increasing the permeability
of the core delays the fracture initiation while inducing a smaller crack in the core. Adopting a
core material with higher modulus of elasticity can reduce arching phenomenon in the dam to
ensure a less severe crack formation. Additionally, increase in the maximum reservoir level is

found to induce larger crack in the dam core.

Keywords: eXtended Finite Element Method, Hydraulic fracturing, Earth-rockfill dam,

Effective stress principle, Arching.
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1. Introduction

Several types of dams, such as the arch dam, gravity dam, arch-gravity dam, barrage and
embankment dams are built for the purpose of water storage, barrier, hydropower generation
and irrigation (Angelakis et al., 2024). However, with approximately 72-77% of all the
varieties of dams around the world, embankment dams constitute the major share (Wiltshire,
2002; Adamo et al., 2020). Typically constructed from compacted earth, these dams rely on
their mass to counteract the pressure exerted by water, which is, in a way, similar to gravity
dams made out of concrete. An embankment dam consisting of free draining granular earth
(like gravels and rock fills) with an impervious soil core is termed as ‘Composite dam’ or an
‘Earth-rockfill dam’ (Wang, 2014). Despite their prevalence, embankment dams carry a
heightened risk of failure, as they are more sensitive to hydraulic problems compared to
concrete dams due to the inherent characteristics of their construction materials (Wang, 2014;
Adamo et al., 2020; Talukdar and Dey, 2019). Cracks are a common occurrence in the soil core
of earth-rockfill dams, often attributed to the stress arching action due to differential settlements
between the core and shell or hydraulic fracturing from the seeping water (Zhu and Wang,

2004; Talukdar and Dey, 2021).

Instances of dam failures or damage caused by concentrated leaks have been extensively
documented (USCOLD, 1988; ICOLD, 1995). In some cases, even in the absence of visible
surface cracks, investigators have attributed these incidents to probable causes such as
differential settlement cracks (Sherard, 1986). Notably, in several instances, concentrated leaks
emerged abruptly on the downstream side of dams after first reservoir filling, suggesting that
significant open cracks were absent beforehand (Binnie, 1978; Binnie, 1983; Kjernsli and
Torblaa, 1968). This highlights the potential of reservoir water pressure to either induce the
opening of existing closed cracks or create new ones under specific conditions. Hydraulic
fracturing is a phenomenon where the water pressure, due to impounding, induces or widens
cracks in rock or soils, and the same is well-documented. It is often described as a phenomenon
where fracturing occurs in the least resistant soil under increased water pressure (Jaworski et
al., 1981). Even though hydraulic fracturing can occur in homogenous embankments, it is more
likely to be exhibited in dams with varying materials having different deformability and
permeability (Sherard, 1973). Due to the low permeability of the core material, as water
wedging action occurs in the cracks (Djarwadi et al., 2017), the phenomenon of hydraulic

fracturing remains to be particularly damaging the soil core of earth-rock fill dams. Despite
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significant attention is drawn to his particular aspect of hydraulic fracturing since the Teton
Dam failure in 1976 (USBR, 1976), the challenge of hydraulic fracturing still remains largely

unsolved and comprise a challenging field of research.

Prior to 1976, few studies acknowledged that hydraulic fracturing could lead to concentrated
leaks, resulting in further damage or erosion of dams (Kjarnsli and Torblaa, 1968). There are
limited field studies published on hydraulic fracturing in embankment dams (Kjarnsli and
Torblaa, 1968; Vaughan et al., 1970; Vestad, 1976; Penman and Charles, 1981; Sherard, 1986).
Kjarnsli and Torblaa (1968) concluded that the sudden excessive leakage in Hyttejuvet dam in
Norway was caused by arching of the core followed by hydraulic fracturing when the reservoir
filling took place. Lofquist (1951) was among the first to discuss the presence and implications
of arching in rockfill dams, emphasizing the cause of stress reduction due to differential
settlement of the dam core. Sherard (1986) concluded that concentrated leaks often arise
through the impermeable sections of embankment dams due to hydraulic fracturing, even in
those dams that remain unaffected by significant differential settlement. Hydraulic fracture in
many earthen dams have been documented and studied, which includes the Hyttejuvet Dam by
Kjaernsli and Torblaa (1968), the Teton Dam by Seed and Duncan (1981), and various old
British dams by Dounias et al. (1996). After the Teton dam failure in 1976, there has been a
resurgence of interest among researchers, leading to numerous publications exploring various
aspects of concentrated leak development through hydraulic fracturing (Dascal, 1984; Jaworski

et al., 1981; Seed and Duncan, 1981).

Numerical simulation methods were widely used to investigate hydraulic fracturing. Ng and
Small (1999) studied the development of hydraulic fracturing using finite element method,
allowing the simulation of complete history of pore pressure development in the core of the
dam. Special joint elements, which cracks open when effective stress in the element reduces to
zero (Ng and Small, 1997), were used to model the fracturing. Li et al. (2007) applied the
smeared cracking theory to model hydraulic fracturing in an earth and rockfill dams. Cohesive
fracture model that requires mesh updating at the crack tip during successive cracking was used
by Secchi and Schrefler (2012). Barani and Khoei (2014) used double-noded zero-thickness
cohesive interface elements to model the fracture behaviour in saturated porous medium.
Jiet al. (2018) used extended finite element method (XFEM) to simulate hydraulic fracturing
behaviour in an earth-rockfill dam. The authors had used plane strain elements and defined the

hydrostatic pressure in the crack as a facial pressure on the crack surface.
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Several hydraulic fracturing criteria have also been developed by various researches based on
geomechanics and fracture mechanics. Komak Panah and Yanagisawa (1989) suggested the
minimum hydraulic fracture pressure in the shear mode of cracking based on Mohr-Coulomb
criterion while the same in the tension mode occurs when the maximum value of effective
tensile stress at failure becomes constant and proportional to tensile strength of the material. In
the similar line, Lo and Kaniaru (1990) conducted hydraulic fracturing laboratory tests and
developed simple theoretical expressions for the fracture pressure based on soil strength
parameters. Tresca-, Mises-, or Coulomb- criteria, based on the yield dominant failure, can be
used to assess the yield induced failure of materials, but does not help to investigate fracture
dominant failure (Chudnovsky et al., 1988). Wang et al. (2007) provided a hydraulic fracture
propagation criterion based on experimental observations and linear elastic fracture mechanics
(LEFM). The authors have suggested that hydraulic fracturing in earth-rock fill dams is
facilitated by four key conditions: the presence of a crack at the upstream face of the core, the
low permeability of the core soil, rapid impoundment of water and the presence of unsaturated

soil in the core.

In this study, XFEM-based cohesive segments method in ABAQUS has been used to simulate
the hydraulic fracturing of earth-rock fill dam. Firstly, a validation study is presented in regard
to the failure of the Hyttejuvet dam in which the simulation results are exhibited to be in good
agreement with the on-site observations. Further, several factors affecting the behaviour of
hydraulic fracture in earth-rockfill dams has been assessed and illustrated, which include

permeability, modulus of elasticity of core and the reservoir water level.

2. Theory and Background

2.1 Effective Stress Principle

Pore pressure plays an important role in geological fracturing cases, be it in large scales, such
as in faulting, or at the regional scale, such as in the tensile fracturing in the clay core that is
often termed as ‘hydraulic fracturing’. The occurrence of tensile fractures in soils and rocks
has long been a less understood phenomenon, given that the stresses within earthen structures
and the earth's crust are primarily compressive (Guerriero and Mazzoli, 2021). The
development of effective stress principle (ESP) has made it possible to define the fracturing

mechanism. However, the simple expression given by Terzaghi (1923) cannot appropriately
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explain the phenomenon of tensile fracturing. In its one-dimensional form, Terzaghi’s
expression is given by

o =o0-p, (1)
where, ¢ is the total stress, p is the pore pressure and o is the effective stress. In multi-

dimensional component form, the principle can be written as

!

gij = 0ij = 0 P, (2)
where §;; denotes the Kronecker’s delta. The conventional positive sign for compressive

stresses is adopted in this formulation.

Over the years, the understanding of ESP has sufficiently advanced as several researchers have
proposed different laws for effective stress within the general formulation (in one-dimensional
form) of

o’ =o0-1np, 3)
where, 7 is a parameter that depends on the properties of the porous medium as well as on the
magnitudes of o and p.
Several formulations have been proposed over the time for the coefficient 7. Some are
summarized below:

o = o-p, n=1; (Terzaghi, 1923)

o’ = o - np; (Fillunger, 1936) 4)
o = o- (1—- a.)p; (Skempton, 1960) (5)
o =o0- (1 - Kﬁ) p ; (Nur and Byerlee, 1971) (6)

where, n is the porosity, a, is the contact area ratio (contact area between the particles per unit
gross area of the material), while K and K, are the bulk moduli of the porous rock and solid
rock, respectively. Researchers have agreed that the fracturing mechanism is possible if the
effective stress is defined by the formulation of Equation 3. By this formulation, the fluid
pressure in the tensile zone can be higher than the total stress, thereby leading to the

development of tensile effective stress in the soil.

2.2 Coupled Pore Fluid and Deformation Analysis in ABAQUS
In ABAQUS/Standard, a porous medium such as soil or rock, is modelled as a multiphase
material that implements a general nonlinear unsaturated soil mechanics framework formulated

for a three-phase mixture consisting of solid grains, a wetting fluid, and air. The overall material
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deforms in response to the saturation-dependent effective stress principle, which was initially

introduced by Bishop (1959) for unsaturated soils.

The total stress acting at a point, g, is assumed to be made of the wetting liquid pressure, u,,,

and pressure in the other fluid, u, (or the interstitial air pressure) and an effective stress, d’,

defined by

’

o =0+ [yu, + A-)u,ll. (7)

Positive stress components are tensile in nature as per the sign convention in ABAQUS. This
explains the sign of the Equation 7. The parameter y depends on saturation as well as surface
tension of the liquid/solid system. If the medium is fully saturated, then y takes a value of 1.0
and if it is partially saturated, the value is considered between 0.0 and 1.0, depending on the

degree of saturation of the system.

An essential element of a poromechanical governing framework is the hydro-mechanical
interaction (i.e., coupling) between the fluid and solid constituents. It is governed by the
equilibrium equations for porous media and the continuity equation that directs the flow of the
wetting liquid. In ABAQUS, a continuity equation for the wetting phase fluid is formulated by
equating the rate of change in liquid mass within a control volume to the liquid mass across the
associated control surface. The continuity statement is written in variational form as a basis for
finite element approximation. Here, the excess wetting liquid pressure is the nodal variable
(with 8 degrees of freedom). A control volume containing fixed amount of solid is considered.
In the initial configuration, the volume occupies space V' with surface S. In the reference
configuration, it occupies the volume V7. Let ¥, be the volume of the wetting liquid flowing
through the space V at any instant of time. Here, a case of full wetting phase saturation (i.e. no
air) and no fluid entrapment to solid particles are considered, thereby making it a two-phase

fully saturated poromechanics formulation.

The total mass of wetting liquid in the control volume is given by
8
Jpdew = fpwnde ! ®
4 14

where, p,, is the mass density of liquid, n,, is the volume ratio of free wetting liquid at a point.

The time rate of change of the wetting liquid mass is given by
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d(f ndV) 14 —({J pyny,)dV,
dt Pw ]dt Pwnw (9)

where, | is the Jacobian. The mass of wetting liquid crossing the surface and entering the
volume per unit time is expressed as
— fpwnwn .v,,ds,
s (10)
where, v,, is the seepage velocity and n is the outward normal to the surface S.
Equating the mass of liquid added across surface S to the rate of change of liquid mass within

volume V gives the wetting liquid mass continuity equation as

1
—(J pun )dV——fp n,n-v,ds,

Using Gauss divergence theorem on the RHS and equating the integrand to zero, the following
expression is obtained

1d 0 _ (12)
7 dt(/pw ny) + (pwnwvw) 0,

The equivalent weak form is given by

13

where, du,, is an arbltrary variational field.
Force equilibrium is formulated in the weak form following the principle of virtual work over
the same control volume V at time ¢, which is given as

fa: SedV = ft-6vd$ + ff-&vdV, (14)
Vv S 74

where, dv is the virtual solid particle velocity, t is the traction on the current control surface,

d¢ is the virtual rate of deformation, o is the Cauchy stress and f is the body force per unit

volume. The body force f will also include the part due to the weight of wetting liquid (fw) that
is expressed as.
fw = pwnw8 (15)

Thus, the force balance equation reads
fa: Sedv = ft-6vdS + ffb-6vdv+fpwnwg~6vdv, (16)
4 s 14 14

where, f, are all body forces excluding the weight of the wetting liquid. The equilibrium
equations along with the continuity equation collectively establish the condition of the porous

medium.
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The continuity equation (i.e. Equation 13) and the governing equation (i.e. Equation 16) are
coupled equations. To solve these equations, two approaches exist. In the first approach, also
termed as the ‘staggered approach’, one set of equation (say, Equation 16) is solved first
assuming the pore pressure as constant. Then, the solution from the first set of equations is used
to solve the second set equations (i.e., Equation 13). The results obtained are again used to
solve back Equation 16, and the process is iterated until negligible change in the solution is
obtained. However, this approach may be time consuming and slow to converge. In the second
approach, which is used by ABAQUS/Standard, both the equations (i.e. Equations 13 and 16)
are solved simultaneously. This approach is faster as it has better convergence. For more details,

the reader is referred to the ABAQUS documentation (SIMULIA User Assistance, 2017).

2.3 XFEM and its Implementation in ABAQUS

Analysing crack propagation remains a significant challenge in the numerical modeling
scenarios. This challenge arises because the conventional Finite Element Method (FEM)
discretization needs to accommodate the discontinuity. For evolving discontinuities, this
necessitates regenerating the mesh at each time step. Consequently, the solution must be re-
projected onto the updated mesh at each time step, leading to a substantial increase in
computational cost and a reduction in rate of convergence. Due to these limitations, numerous
numerical approaches have emerged in recent years to address fracture mechanics problems.
To mitigate the need for remeshing, various techniques have been introduced over the last few
decades. These include incorporating a discontinuous node at the element level (Oliver, 1995),
utilizing a moving mesh technique (Rashid, 1998), or employing an enrichment technique
based on the partition of unity (i.e. the sum of the shape functions must be unity) that is termed
as the ‘eXtended Finite Element Method’ or XFEM, as proposed by Belytschko and Black
(1999).

XFEM eliminates the need to regenerate the mesh conforming to geometric discontinuities. As
an extension of the FEM and based on the concept of partition of unity (Melenk and Babusska,
1996), the standard finite element displacement approximation is enhanced by means of adding
enrichment functions. The discontinuities are modelled using special enrichment functions
along with additional degrees of freedom. However, this enhancement comes at the cost of
increased nodal degrees of freedom. Hence, in XFEM, enrichment is employed only at the local
level i.e., elemental nodes close to the crack tip, as well as the ones required for the correct

localisation of the crack. It is a very attractive and effective way to simulate initiation and
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propagation of a discrete crack along an arbitrary solution-dependent path without the

requirement of remeshing in the bulk materials.

The enrichment functions consist of a discontinuous ‘jump function’ that represents the jump
in displacement across the crack surfaces and the ‘crack-tip functions’ that can capture the
singularity around the crack tip. The following expression provides the XFEM approximation

of a displacement vector function u, and is formulated as

U= Uppy + Ugng = Lien N X) |u; + HX)a; + Xi F,(X)bY| ,
IENF IEN 4

(17)

where, upgy denotes the usual FEM approximation and ugyyg is the additional enrichment.
N; (x) are usual nodal shape functions, u; is the nodal displacement vector for all the nodes in
the model, a;is the nodal enriched degree of freedom vector for elements completely cut by
the crack. Here, H(x) is the discontinuous jump function or the Heaviside function, employed
to the enriched elements completely cut by the crack. The splitting of the domain by the crack
causes a jump in the displacement field, for which the Heaviside function provides a simplistic
mathematical tool to represent such phenomenon. In Equation (17), N represents the nodes
belonging to elements cut by crack and N, represents nodes belonging to elements containing
crack tip, b{ is the nodal enriched degree of freedom vector for the elements containing crack
tip, and F, (x) are the crack tip functions that represent the crack tip singularity. In case of that
elements that are not completely cracked, the Heaviside function cannot be used to approximate
the displacement field over the entire element domain, since the element contains the crack tip.
The Heaviside and the crack tip enrichment functions are multiplied by the conventional shape

functions.

Crack tip

Figure 1. Normal and Tangential coordinates for a smooth curve used in crack-tip function
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The discontinuous jump function across the crack surfaces, H(x), given by

B0 = {2 tnerwise, "
where, X represents the location of Gauss point, X* is the point on the crack closest to x, and
ng is the unit normal to x*.

For an isotropic elastic material, the crack tip functions, as illustrated in Figure 1, can be

defined as

Fp(x)i=, = {x/Fcos (;) ,Vrsin (;) ,Vrsin (%) sin(8), Vrcos (g) sin(H)}, (19)

where, (7, 8) is a polar coordinate system with origin at the crack tip and 8 = 0 is tangent to

the crack tip. More details on crack tip functions are discussed in Sukumar et al. (2004).

In ABAQUS/Standard, the implementation of XFEM relies on the phantom nodes method
(Figure 2). In this method, phantom nodes remain tied to their corresponding standard nodes at
the steps when the enriched element remains intact. However, when a crack initiates and the
element is cut by the crack, it splits into two separate parts. Each part includes both real and

phantom nodes to accurately model the behaviour of the crack within the element.

Crack Crack Crack

e ///’Z////// _ 0

Figure 2. Phantom nodes method for the implementation of XFEM in ABAQUS/Standard

In ABAQUS, two types of damage modelling within the XFEM framework is available. First
is the XFEM based cohesive segments approach, which is used in the present study. The second
is the linear elastic fracture mechanics (LEFM) approach. In XFEM based cohesive segment
approach, damage modelling is achieved through the use of traction-separation law for damage
initiation and evolution. The process identifies critical regions of crack initiation where stress
or strain exceeds the user defined critical value, after which the phantom nodes detach from

the superposed original real nodes. For the prediction of damage initiation, the maximum
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principal stress damage criterion is used. It assumes that a crack will nucleate as soon as the

stress ratio (R) reaches a value equal to 1, which is expressed as

R { (Tmax) } ' (20)

Omax
Here, 0,4, represents the maximum allowable principal stress, while the symbol ( ) indicates
the Macaulay brackets, used to signify that a purely compressive stress state does not lead to
any damage initiation. Such criteria define the conditions at which an internal defect will

nucleate within the body. Next, the evolution of damage is defined by two main components.

The first component entails defining either the effective displacement at complete failure, 5,]:1,
relative to the initial effective displacement at the onset of damage, &5, or quantifying the
energy dissipated during failure, G¢. The second aspect of defining damage evolution involves
determining how the damage progresses between initiation of failure at point A and final failure
point B (Figure 3). This can be achieved by establishing linear or exponential softening laws,
or directly specifying damage variable, D as a function (in a tabular format) relative to the
effective displacement at the initiation of damage. Damage variable represents the amount of
deterioration due to crack growth. A simple energy based linear softening model is used as the
damage evolution model in the present study. Linear softening specifies a linear softening
stress—strain response for linear elastic materials or a linear evolution of the damage variable

with deformation for elastic—plastic materials.

Traction A

B —l

O 6,’:1 Separation

Figure 3. Typical traction-separation response with a linear softening damage evolution

In ABAQUS, the cohesive segments, along with phantom nodes approach, of XFEM is
extended to model fractures driven by hydraulic pressures. Phantom nodes having pore-

pressure degrees-of-freedom are present on the edges of enriched element to model fluid flow
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within the crack surface along with phantom nodes that represent the displacement
discontinuities and fluid pressure in a cracked element. By performing a coupled pore fluid
diffusion and stress analysis, the fluid pressure on the surfaces of the crack elements influences

the traction-separation behaviour of the cohesive segments within the enriched elements.

3. Hydraulic Fracturing of Hyttejuvet Dam

Hyttejuvet dam is one of the most studied cases of hydraulic fracturing in earthen dams
(Kjernsli and Torblaa, 1968; Ng and Small, 1999; Li et al., 2007; Haeri and Faghihi, 2008). It
is an earth and rockfill dam located in Norway, having a height of 93 m and 400 m crest length.
The dam was built between 1964 and 1965. The dam has a narrow and nearly vertical core,
consisting of well-graded moraine, and the shells that are mainly constructed of gravel and
rocks. The construction of the entire embankment took around 520 days and was completed in
two construction seasons (as shown in Figure 4). Following the initial construction season in
1964, it was observed that the pore-water pressures measured onsite exceeded the expectations.
Consequently, the design underwent revisions to facilitate quicker dissipation of pore-water
pressures from within the core. This led to a reduction in the core width at the upper section of
the dam in the subsequent construction season. This adjustment is highlighted by a noticeable
reduction in core thickness at the elevation of 700 meters, as depicted in Figure 5. First filling
of the reservoir was started from May 1966. An unexpected severe leakage occurred during the
first impounding of the reservoir, when the reservoir level was about 7 m below the regulated
water level. Figure 6 shows the first reservoir filling and leakage data observed with respect to
time. The x-axis marker indicates months, where J denotes January and so on. As the leakage
increased suddenly when the water level rose to 738 m, it was required to reduce the rate at
which the reservoir filling was taking place. Afterwards, several boreholes were sunk and
percolation tests were done to investigate the leakage. During these tests, water in the reservoir
was filled at a slower rate and the consequent leakage was observed to be lessened. Kjarnsli
and Torblaa (1968) concluded that the leakage was caused by arching of the core followed by
hydraulic fracturing when the reservoir filling took place. This dam has been chosen for the
present study because of the availability of measured field data. In order to measure the
performance of the dam at various stages, pressure cells were installed in the core to monitor
the pore water pressure and earth pressure development. Settlement bolts were positioned along
the crest of the dam and on the upstream slope. Additionally, an overflow weir was built

downstream to the dam to gauge the seepage through the dam upon reservoir filling.
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Figure 6. Elevation of water level and leakage record during first filling of reservoir

4. Numerical Modelling of the Hyttejuvet Dam

In this paper, coupled pore fluid diffusion and stress based finite element analysis is adopted to
study the onset of hydraulic fracturing in Hyttejuvet dam using ABAQUS 2017. This allows to
study the development of transient pore water pressures and deformations within the dam. In
this method, in ABAQUS, a porous medium is treated as a multiphase material and employs
an improvised version of effective stress principle to characterize its behaviour. Cracking in
the dam is modelled by using the XFEM provision in ABAQUS, as has been discussed earlier.
The schematic layout of the dam section is shown in Figure 5. CPE4P (4 noded plane strain
quadrilateral, bilinear displacement and pore pressure) elements are used to discretise the dam.
Construction of the embankment is carried out in stages, as per the construction time line shown
in Figure 4, using the ‘model change’ feature in ‘interaction’ module of ABAQUS. The gravity
loading of the layers is applied gradually in 4 steps. After the completion of construction, 177
days of consolidation period is allowed before the commencing the filling of the reservoir.
Filling of the reservoir, until maximum elevation of 745 m, is carried out in approximately six
months using transient ‘Soils’ step. The reservoir water is simulated by assigning pore pressure
boundary condition, equal to the total head at a given point, along the immersed part of the
upstream slope of the dam. Displacement on the bottom boundary of the dam is restricted in

all directions. The downstream slope is defined as a freely draining surface by prescribing
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*FLOW keyword in ABAQUS, which prescribes flow velocity on the surface in a way that
approximately renders zero pore pressure on the saturated portion of this surface.

The moraine material used to construct the core of the dam is modelled using elastic-modified
Drucker Prager / Cap plasticity constitutive model. The gravel and rockfill shells were assumed
to be elastic. Table 1 list the properties of the materials used for the analysis, which are adopted
from available standard literatures on Hyttejuvet dam (Kjarnsli and Torblaa, 1968; Ng and
Small, 1999; Haeri and Faghihi, 2008).

Table 1. Material properties used in the numerical modelling of the Hyttejuvet dam

Shell Core
Young’s Modulus, £ 50000 kPa Material Cohesion, d 51.24 kPa
Poisson’s ratio, v 0.3 Angle of friction, S 44.9°
Void ratio, e 0.5 Cap eccentricity, R 1
Permeability, k 0.0225 m/s Initial cap position 0
Unit weight, y 22.00 kN/m* | Transition surface parameter, « 0.01
Flow stress ratio, K 0.8
A 0.035
K 0.0015
Poisson’s ratio, v 03
Void ratio, e 0.26
Permeability, & 7x107° m/s
Unit weight, y 22.66 kKN/m’

The response of cohesive traction-separation behaviour of the core is specified. The maximum
principal stress damage criterion is selected for damage initiation, and energy-based damage
evolution law is selected for damage propagation. The fracture energy and maximum principal
stress taken are 7.05 N/m and 20 kPa, respectively, from a typical tensile load-displacement
curve of soil specimens provided by Tang et al. (2015). The researchers developed a direct
tensile test apparatus to determine tensile strength of compacted clayey soil over a broad range
of dry densities and compaction water content. Assuming that tensile strength of clay is very
small, in this study, 20 kPa was assumed as the tensile strength of the core clay. Wang et al.
(2007) also reported that the tensile strength of a clay, which was used as the core material of
a high earth-rock fill dam in Western China, varied from 19 kPa to 90 kPa with varying water
contents and dry densities of the soil columns. Hence, the assumption for the current study is

reasonable. ABAQUS uses sorption curve i.e. the relationship between degree of saturation
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(S,) and negative pore pressure (-U,,) for defining the unsaturated behaviour of constituent soil.
For any region that is subjected to positive pore pressures, the degree of saturation is considered
as Sr=1.0. The sorption curve of the dam materials, as adopted from Haeri and Faghihi (2008),
is illustrated in Figure 7. The shells of the dam are highly permeable and no pore water
pressures would build up in the shells during construction of embankment stage i.e. before the
filling of the reservoirs. Hence, in order to maintain the saturation of the shells as it is in the
beginning of the construction, a constant value of pore pressure as per the sorption curve of the
shell was considered in the initial stages before the reservoir impounding commenced. By
default, in ABAQUS, the permeability of the unsaturated parts of the dam is defined such that

it varies as cubic function of degree of saturation.
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Figure 7. Sorption curve of the dam materials as used in the present study

5. Results and Discussions

5.1 Validation of the Numerical Model of Hyttejuvet Dam

The performance of the developed numerical model of the Hyttejuvet dam is first validated
with the parameters measured and monitored in the field. Pore-water pressure measurements
at various locations in the core of the dam, as marked in Figure 8, is obtained from Kjernsli
and Torblaa (1968), and the same are used for benchmarking and comparison with the
computed values obtained from the present study. Figure 9 shows the comparison of the
temporal variation of the pore-water pressure at each of the monitoring points. An appreciable
agreement may be noted in the trend and magnitudes of the field-measured values with the
ones obtained from the numerical simulation. Minor deviations (marginally lower magnitude

of simulated results) in the comparatives can be observed which is quite possible in accordance



419
420
421
422
423

424
425

426

427

428
429
430

to the changes in compaction state which might not always be uniform in the field and which
cannot be exactly replicated in the numerical model. The simulation results are also verified
with the finite element simulation results by Ng and Small (1999). The trend and the
magnitudes of pore pressure evolution obtained in the present study during construction and

water impounding are closely matching with the literature.
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Figure 8. Pore-water pressure monitoring locations selected for comparison with present study

(after Kjeernsli and Torblaa, 1968)
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Figure 9. Computed and measured pore-water pressures in the core at monitoring locations
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5.2 Evolution of Pore-water Pressure during the Construction Stages

Figure 10 depicts the pore pressure development at various stages of the reservoir functioning.
The contours show that pore-water pressures build up during construction in the impermeable
core (Figures 10a and 10b), while after completion of construction, it gets dissipated in the
resting period before impounding starts (Figure 10c). This is quite explainable as a relatively
quicker construction process (raising of embankment in lesser time duration) leads to an

apparent undrained scenario within the dam body due to an ongoing loading and compaction

POR (Pa)
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+3.0e+05
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(©)

Figure 10. Evolution of pore-water pressure within the dam at various stages of construction
(a) during construction at t =407 days (b) just after completion of construction (c) after resting

period of 177 days
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process. The rise in pore-water pressure is more pertinent in the constituent materials with
lesser permeability, which is the core of the dam in this case. Evidently, with the completion
of construction and the rest period allowed, there would be gradual dissipation of the apparent
pore-water pressure, and the same is reflected in the Figure 10c. Figure 11 shows the
development of pore water pressure as the reservoir is filled. Pore pressure values increase
within the embankment due to external hydraulic pressure. Ng and Small (1999) has reported

similar observation based in similar finite element simulations of Hyttejuvet dam.
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(b)
Figure 11. Pore-water pressure development in the dam during reservoir filling (a) when water

elevation is at 695 m (b) when water elevation is maximum at 745 m

5.3 Evolution of Differential Settlement and Arching within the Dam Core

Figure 12 shows deformed mesh of the dam during construction of the embankment. After the
first season of construction is over, it is observed that the core settles relatively more than the
shells, as exhibited in Fig. 12a. Differential settlement continues as the next stages of
construction is carried out. Figure 12b shows settlement in the dam after completion of
construction. As the stiffness of the clay core is relatively lesser than the shell material, it will
tend to deform more as the vertical stresses develop due to the weight of the overburden

material, which will eventually lead to the transfer of some vertical stresses from the softer
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core to the stiffer shells. This phenomenon, also referred to as ‘transverse arching’, leads to a
decrease in the vertical stresses within the core. This phenomenon eventually hastens hydraulic
fracturing in the core as the reservoir filling starts. Kjaernsli and Torblaa (1968) concluded from
their field investigation that the cause of leakage in the Hyttejuvet dam was primarily due to
arching of the core, which successively led to hydraulic fracturing as the reservoir was filled

for the first time

(@

U, uz2(m)

(b)
Figure 12 Deformed mesh and vertical settlement contour (a) after first season of construction

(b) after completion of construction of the dam

Figure 13 shows the contour of effective vertical stress developed within the embankment after
the construction is completed. As stated earlier, according to sign convention in ABAQUS,
negative sign indicates compressive stresses. The vertical stresses in the core are observed to
be lesser than the adjacent areas in the shells at same elevation level. Arching in the dam can
be quantified by computing the average load transfer ratio or arching factor, R;, given by

Iy 1)

R, =—,
L VR
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where, g, is the total vertical stress developed within the dam body and yh gives the stress at
a point that should have generated due to overburden height of material (%) above that point
considering the deformed geometry. If the value of R; is less than 1, then arching has occurred
in the core. An arching factor close to zero indicates severity of the arching within the dam
body. Figure 14 gives the variation of R; with depth computed for upstream face of the core.
It can be seen that arching is more prominent at the mid-depth of the upstream core face where

major cracking was predicted by Ng and Small (1999) i.e. 50 m above the dam foundation.

s, 522 (Pa)
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Figure 13. Effective vertical stress contour at the end of construction of dam
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Figure 14. Average load transfer ratio along the upstream face of the core exhibiting the

presence of arching in the dam core

Crack appears in the dam core at the locations where prominent arching phenomenon was

observed and at locations where the core thickness was drastically reduced during the second
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season of construction. Figure 15 reveals the occurrence fracture at the third month of reservoir
filling, when the impounding water level was maximum. Figure 16 shows the temporal
evolution of the cracking of elements in core during the first filling of reservoir. The reservoir
filling is simulated in 6 steps of one month each. The ‘step time” shown in Fig. 16 indicates the
time completed in each step in seconds. It is observed from the simulation that the fracture
initiates approximately at 2.8 months of the first reservoir filling. As shown in Fig. 6, the onsite
records portrayed rapid increase in leakage at the downstream weir around at 3.5 months since
the commencement of reservoir filling (Kjarnsli and Torblaa, 1968). Considering the delay in
time between fracturing and collection of leakage at the downstream weir, the simulated timing

of fracturing in this analysis is considered to be reasonably correct.

S, Max. Principal
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Figure 15. Effective maximum principal stress contour and fracture in the dam core at the

sixth month of reservoir filling

This situation of hydraulic fracturing might arise if the total stress in the core is reduced by the
arching effect while the pore water pressure increases in the core due to impounding. In such
scenario, if the latter becomes higher than the decrease in total stress, tension zone would be
created. In this circumstance, the effective stresses in the soil would be estimated following the
modified expression (Eq. 3) rather than following the conventional form (given by Eq. 1).
Fracturing occurs in the upstream face of the clay core when the tensile effective stresses, rather
than the total stress, exceeds tensile strength of the clay. Figure 15 shows that upon seepage of
pore water, the effective maximum principal stress becomes positive (i.e. tensile) at the
upstream face of the shell until the shell-core interface (light green contour areas). Fractures
initiate at the upstream face of core in these tensile zones when the effective maximum

principal stress exceeds the tensile strength of the clay. The tensile strength of the rockfill



525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

material in the shell is much higher than clay, thereby no such tension cracks is likely to occur

in the shell.

Figure 16 exhibits that the fracture evolves in a nearly vertical direction as the damage initiation
criteria is met in the subsequent elements, which is orthogonal to the maximum principal stress
or, in this case, the direction of maximum principal stress in tension within the elements. Figure
17 exhibits an exaggerated view of the crack geometry, in which the arrow symbols portray the
direction at which maximum principal stress acts in the elements where the crack has initiated.
According to maximum principal stress criteria of damage initiation, fracturing occurs
orthogonal to the maximum principal stress direction. Hence, in our study, a vertical fracture
is obtained, since the effective maximum principal stress in tension would develop in horizontal
directions due to pore water pressures developed. This is in contrast to the assumption of Ng
and Small (1999), where the researchers have assumed horizontal joint elements to model
hydraulic fracturing in the Hyttejuvet dam. On the contrary, based on the cohesive segments
approach in this study, the application of XFEM has successfully enabled simulation of the
appropriate crack initiation due to hydraulic fracturing and its possible and subsequent path of

propagation through the core of the dam.

5.4 Pertinent Factors influencing Hydraulic Fracturing of Zoned Dam

It has been revealed in the previous sections that occurrence of arching within the dam,
especially in its core, is a primary factor in initiating cracking within the dam body. Hence,
various characteristic parameters of the core material that directly or indirectly influences the
stress arching phenomenon would also, in turn, influence the hydraulic fracturing of the dams.
In this regard, stiffness of the core material, as well as its permeability, would influence the
initiation and occurrence of hydraulic fracturing. From field case-studies, it has been
substantiated that the rise in reservoir water level and its rate of filling often controls the leakage
and erosion from dams. In this section, the above-stated factors are varied to comprehend their
influence on the hydraulic behaviour and fracturing of a dam. For this section of the study,
simplified linear elastic material model is considered for both core and shell material, to
facilitate ease in varying the parameters at a lesser computational expense. Table 2 lists the

material properties as per the different scenarios adopted for this analysis.
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Figure 17. Maximum principal stress and crack initiation direction through the elements

containing crack propagation pathway

Table 2. Characteristic properties of the dam materials used for various scenarios to assess the

influence on hydraulic fracturing

Shell Core
Cases
p 2200 kg/m? | | p 2260 kg/m® | f 1x10° m/s
E 50,000 kPa E 20,000 kPa
v 03 11 v 03 k 1x10° m/s
k 0.025 m/s 111 e 0.26 k 0.0225 m/s
e 06 v p  260kgm® |E 10,000 kPa
v 0.3
A% e 0.26 E 30,000 kPa
Vi ko 710" mis TET 50,000 kPa
VIl P 2260 kg/m’ | Maximum Reservoir level = 60 m
E 20,000 kPa - -
VI v 03 Maximum Reservoir level = 70 m
-10
IX le( 82160 m/s Maximum Reservoir level = 85 m

5.5.1 Influence of permeability of the core on hydraulic fracturing

In this section, influence of permeability of the dam core in inducing hydraulic fracturing is
investigated. In reference to Case I, the permeability of core is adopted very low i.e. 1x1071°
m/s, which is close to the permeability value of Hyttejuvet dam core. In the subsequent cases,
permeability is increased for the core material. In Case I, it is considered as 1x10~ m/s, while
in Case III, the permeability of the core is assumed to be same as that of the shell rock-fill

material, i.e. 0.0225 m/s.

Figure 18 shows pore pressure development and crack growth in the dam for all three cases

(Cases 1, II and III) when the water level rises to its maximum value. The pore water pressure
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contours in all three cases give an idea about the permeability taken for the core. It is observed
from the simulation results that in Case I, the crack initiates after 4 months from the reservoir
filling commencement while in Case 11, it initiates after 5 months (the same can be noted in
Fig. 19). Figure 18 shows that the crack propagates to larger depth for Case-I than for Case-II,
both being illustrated for the 6" month after commencement of impounding when water level
reaches the maximum. On the contrary, there is no initiation of crack in Case IIl, as in this
scenario, the presence of a highly permeable core facilitates the dissipation of pore pressure
rapidly. Hence, the developed tensile effective stress in the upstream face of the core is not, at
large, influential in crack initiation process. It can be concluded that increasing permeability,
or increasing the ease of flow through core, reduces the severity and likelihood of hydraulic

fracturing.

For all the three cases (Cases I, II and III), Fig. 19 shows the effective maximum principal
stress development on the upstream face of the core at the corresponding crack locations. It
shows that the compressive stress (negative) in the core keeps decreasing and as the pore
pressure builds up, the effective stresses transitions to become tensile (positive). When the
value reaches 20 kPa (the defined tensile strength of clay core), damage initiation starts and
cracks appear in the core. For Cases I and II, cracking is indicated by sudden decrease in the
tensile maximum principal stress. In Case III, there is no such stress drop as the tensile stress
does not reach the critical value and, hence, no crack initiates by the 6™ month of reservoir

impounding.

5.5.2 Influence of the modulus of elasticity of the dam core

According to previous studies (Kjernsli and Torblaa 1968; Ng and Small 1999), hydraulic
fracturing occurs when total stress in the core is reduced by arching effect, which is further
affected by pore water pressure due to impounding. Increasing Young’s modulus of the core
soil may reduce arching in the core and, subsequently, the likelihood of hydraulic fracture might
also decrease. In this section, a comparison of results of three cases (Cases IV, V and VI, as
shown in Table 2) has been reported based on increasing Young’s modulus of core material
while keeping every other parameter of the dam same. For all the three cases as stated, Figure
20 shows the crack initiation and vertical stress contours within the dam body after 6 months
of impounding. It can be seen that stress arching is highest in Case IV and it decreases with the
increase the Young’s modulus of core material. In case IV, the crack propagates to a very large

depth and nearly reaches the dam base; this phenomenon can cause severe leakage and failure



611  in the dam. As the Young’s modulus of the core material is increased (Cases V and VI), the
612  crack length observed to be not as severe as Case IV. It is understood that increasing Young’s
613  modulus of the core reduces the arching phenomenon, which, in turn, helps in reducing the

614  likelihood of hydraulic fracturing in earth-fill zoned dams.
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616  Figure 18. Pore-water pressure contours and corresponding initiation of fracture in the dam

617  core for (a) Case I (b) Case II (¢) Case III
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Figure 19. Effective maximum principal stress development on the upstream face of core at

the location of the crack

5.5.3 Influence of reservoir water level on crack initiation at dam core

Three cases of varying reservoir water level (Cases VII, VIII and IX) are considered with the
maximum water level at 60 m, 70 m, 85 m from the base (wherein the water level being linearly
ramped up over a time period of 6 months). Figure 21 exhibits the pore pressure development
and the status of the crack in the 6™ month of reservoir filling. It shows that increasing the
water level induces larger crack length in the core in the 6™ month of reservoir filling. It is
concluded that the severity of the induced hydraulic fracturing under high water levels is
evidently more than in low water levels. As found by Wang (2014), the J-integral values
increase with increasing water level, thereby concluding that the likelihood of occurrence of
hydraulic fracturing is more in case of a higher water level. It is likely that optimizing the other
factors that influence hydraulic fracturing and controlling the water level might help in totally
avoiding hydraulic fracturing in earth and rock-fill dams. However, the effect of optimizing the
parameters on the other engineering behaviour of the dam need to be ascertained, which is
beyond the scope of the present study and can be attempted in future to develop a more

comprehensive understanding of the multi-criteria failure of earth-rockfill dams.
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639  Figure 20. Effective vertical stress contour and corresponding initiation of fracture in the dam

640  core for (a) Case IV (b) Case V (¢) Case IV
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Figure 21. Pore-water pressure contours and corresponding initiation of fracture in the dam

core for (a) Case VII (b) Case VIII (¢) Case IX

6. Conclusions
Hydraulic fracturing in earth-rock fill dams is very complicated and important problem. A case

study of hydraulic fracturing in Hyttejuvet dam using XFEM based cohesive segments



651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677

678

679

680

681

682
683

approach is presented in this manuscript. The behaviour of the dam during construction and
filling of the reservoir is simulated using finite element method. The simulated results are
supported by the good agreement between the computed and measured pore-water pressures
that plays a crucial part in assessing the stress conditions within the dam. A significant stress
arching phenomenon in the upstream face of the core is observed at the mid depth of the dam
after the construction stage is completed, due to differential settlement between the rock-fill
shells and the clay core. At the same depth, the hydraulic induced fracture initiates on the
upstream face of core. Moreover, the timing of the fracture occurrence is in good agreement
with the time when severe leakage was observed for the first time in the Hyttejuvet dam. The
fracture propagates in a nearly vertical direction, orthogonal to the maximum tensile stress
direction. Based on traction-separation criteria, the XFEM-based study helped to simulate
hydraulic fracture initiation in the core and understand its evolution of fracturing in the core
with time. Later, several factors affecting the behaviour of hydraulic fracturing has been
investigated. It is concluded that increasing permeability of the core delays initiation of the
fracture and crack grows up to a lesser depth within the core. Smaller crack may possess lesser
threat to the dam structure. A lower permeable core allows significant growth of the crack,
which, upon nearing the base of the dam, can cause devastating failure of the dam structure. It
is comprehended that increasing the Young’s modulus of the core soil would reduce arching
phenomenon, thereby subsequently reducing the severity of the hydraulic fracture
phenomenon. Increasing reservoir water level can induce larger crack in the core. Hence, it is
important to properly design and plan the dam construction and reservoir operations in order
to avoid such adverse scenarios of hydraulic fracturing or, alternatively, delay their formation
and enhance the performance and longevity of the dam structure. It is concluded that all the
said factors govern the behaviour of hydraulic fracturing in the earth-rock fill dam and
optimizing these parameters would help the practicing engineers to reduce or avoid the

likelihood of hydraulic fracturing.
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