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Hydraulic fracturing is a physical phenomenon in which the crack in rock or soil is induced or expanded
by water pressure due to the rising of the clevation of water level. The occurrence of hydraulic fracturing in
soil core of earth-rock fill dam is a very troublesome geotechnical technique related to the safety of the dam.
This book has focused on the investigation on the problem of hydraulic fracturing in earth-rock fill dams from
the three aspects, i.e. conditions and mechanisms of hydraulic fracturing, criterion of hydraulic fracturing,
and numerical method on hydraulic fracturing. As an example to analyze the ability of earth-rock fill dam to
resist hydraulic fracturing, the Nuozhadu Dam located in Western China is analyzed.

The main content of this book includes review of literature, conditions and mechanisms of hydraulic
fracturing, fracture toughness and tensile strength of core soil, fracture failure criterion for core soil under
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ABSTRACT

Hydraulic fracturing is a physical phenomenon in which the crack in rock
or soil is induced or expanded by water pressure due to the rising of the ele-
vation of water level. Hydraulic fracturing is also defined as a weak link phe-
nomenon, in which fracturing will occur in the least resistant soil subjected
to increased water pressure. Hydraulic fracturing can occur even in a theo-
retically homogeneous embankment, but the probability of its occurrence is
much higher if the material is not homogeneous with respect to deformability
and permeability. The occurrence of hydraulic fracturing in soil core of earth-
rock fill dam is a very troublesome geotechnical technique related to the
safety of the dam. At one extreme, hydraulic fracturing is believed to have
caused the complete failure of the Teton Dam, the important erosion dam-
age of Balderhead Dam or the leakage after several years of satisfactory
performance of Hyttejuvet Dam. In China, 17 earth-rock fill dams higher than
100 m have been or are constructed, and more than 24 will be construc-
ted. The investigation on the problem of hydraulic fracturing in earth-rock fill
dam is very useful and important to the safety of the dams.

This book has focused on the investigation on the problem of hydraulic
fracturing in earth-rock fill dams from three aspects, i. e. (Dconditions and
mechanisms of hydraulic fracturing; (@ criterion of hydraulic fracturing;
(@numerical method on hydraulic fracturing.

The occurrence of hydraulic fracturing in the soil core of the earth-rock
fill dam depends on some material and mechanic conditions. The material
conditions are the cracks located at the upstream surface of the core and the
low permeability of the core soil. The crack located at the upstream face of
the core allows water to enter the core along the crack rapidly, but the low
permeability of the core soil keeps the water from seeping into the soil



around the crack rapidly. The mechanic condition is the intensity “water
wedging” action induced by the water pressure acting on the inner surfaces
of the crack. In order to induce the “water wedging” action in the crack,
two conditions are necessary. One is the rapid filling, and the other is the
unsaturated soil core. The occurrence of hydraulic fracturing can be regarded
as the propagation of the crack under water pressure. The mechanical mech-
anism of hydraulic fracturing should therefore be explained according to the
theories in Fracture Mechanics. The water entering the core along the crack
may not only induce the water pressure applied on the inner surfaces of the
crack, but also soften the soil around the crack. The nominal stress state
near the tip of the crack may change due to the “water wedging” action. In
terms of the theory in Fracture Mechanics, if only the intensity of the nominal
stress near the tip reaches its critical value, the crack will
spread. Therefore, the mechanical mechanism of hydraulic fracturing is that
the “water wedging” action changes the intensity of nominal stress near the
tip of the crack. If there is no “water wedging” action, there will be no hy-
draulic fracturing.

The criterion of hydraulic fracturing is very important to investigate the prob-
lem of hydraulic fracturing. In order to establish a criterion of hydraulic fracturing
based on the theories in Fracture Mechanics, the fracture behavior of the core
soil should be investigated firstly. The silty clay used to construct the core of the
Nuozhadu Dam located in western China is used as the testing soil. In order to
study the fracture behavior of the core soil by experimental methods under modes
I, II and I-II loading conditions, two improved testing methods are sugges-
ted. One is based on the conventional three-point bending beam and loading as-
sembly. The other is based on the conventional four-point unsymmetrical bending
beam and loading assembly. The fracture behaviors of the silty clay under the
loading conditions of modes [, II and [-II are investigated by experiments. The
influences of water content, dry density and preconsolidation pressure on the
fracture behaviors of the tested soil are analyzed. The relationship between the
fracture toughness and the tensile strength of the tested soil is established. Based



on the testing results and the theories in Lineal Elastic Fracture Mechanics, a
new criterion (called as the circular fracture failure criterion in this book) is sug-
gested to determine the fracture failure of the soil under any loading condition of
the mode I, II or I-II. The new criterion then is used to establish the criterion of
hydraulic fracturing. The criterion of hydraulic fracturing can used to determine the
occurrence of hydraulic fracturing if the fracture toughness Ky of the core soil is
obtained from experiments and the stress intensity factors K; and Ky in the core
are determined from calculations.

In order to investigate the problem of hydraulic fracturing, a new nu-
merical simulate method is suggested. The method is based on the conven-
tional two-dimensional finite element technique, and the theoretical formula-
tions to calculate energy release rate using virtual crack extension meth-
od. The main differences of the new method from the published studies exist
in the finite element model of crack and element mesh besides and ahead of
the crack. Present technique can simulate the same structure with different
crack depths using only one element mesh. The recreation of mesh is not
necessary. This can conveniently simulate the propagation of crack if hy-
draulic fracturing occurs. The influence factors on convergence of calculated
J integral are investigated. The accuracy of the calculated J integral is veri-
fied by analyzing the three typical problems in Fracture Mechanics, in which
propagation of crack may follow mode ] , mode II and mixed mode T -1I
respectively. Using the new numerical method, the factors affecting the oc-
currence of hydraulic fracturing in the earth-rock fill dam are investiga-
ted. The investigating results indicate that increasing any of the Young's
modulus, the Poisson’s ratio and the density of the core soil is helpful to re-
duce the likelihood of the occurrence of hydraulic fracturing. The likelihood of
the occurrence of hydraulic fracturing increases with increasing the water
level or the crack depth. The lower part of the dam core is the zone in which
the phenomenon of hydraulic fracturing may be induced easily. As an exam-
ple to analyze the ability of earth-rock fill dam to resist hydraulic fracturing,
the Nuozhadu Dam located in Western China is analyzed.
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NOMENCLATURE

crack depth

crack half-length

inner radius of circular or spherical
cavity

inner radius of circular or spherical
cavity after expansion

cross sectional area of specimen
effective area of conductor

cross section of two-dimensional
elastic body

external radius of circular or
spherical cavity

distance from reservoir water level
to dam crest

radius of interface between elastic
and plastic zones

thickness of specimen

base reaction

volume deformation modulus
cohesion force of soil

horizontal distance from crack to
loading point

cohesion of crack before water en-
tering

cohesion of crack after water ente-
ring

gravity force of core

depth of crack plane

increment of crack depth

change of conductance

unit of length along arc

pore water pressure coefficient
Young's modulus of material

Young’s modulus of core soil

Fdown

1 max

up

Young's modulus of shell rock-fill
tangent Young's modulus

tangent Young's modulus under un-
loading conditions

function of ratio of crack depth to
specimen width used to calculate K;
function of ratio of crack depth to
specimen width used to calculate Kj
shear force applied on core by shell
oefficient of correction for stress
intensity factor of mode [ crack
coefficient of correction for stress
intensity factor of mode ]| crack
shear force acting on downstream
face of core induced by down-
stream shell rock-fill

maximum tensile force

shear force acting on upstream face
over crack of core induced by up-
stream shell rock-fill

total strain energy release rate
total weight of loading pole, up-
per grip and upper part of the
specimen from.fault face

water pressure acting on inner
faces of crack

specific gravity

gradient water pressure

water head in crack

dam height

hydrostatic pressure in horizontal di-
rection

water head at which value of K,

equals to zero



L
L,

L,

m

Da
Po

water head at which the values of
(K% + K% )*® for different cracks
are equal to each other

water head at which value of K;
equals to zero for horizontal crack
water head at which value of K;
equals to zero for vertical crack
plasticity index

J integral

conductance ratio

static lateral pressure coefficient
stress intensity factor

a parameter in Duncan-Chang E-
B model

a parameter in Duncan-Chang E-
B model

stress intensity factor of mode I crack
fracture toughness of material
stress intensity factors of mode ||
crack

fracture toughness parameter of mode
I

a parameter in Duncan-Chang E-B
model

effective length of conductor
conductance of conductor
horizontal distance from fulcrum A
(or D) to loading point

horizontal distance from fulcrum B
(or C) to loading point

slope coefficient of curve P,~g,

a parameter in Duncan-Chang E-
B model
bending moment acting on crack
plane

proportionality coefficient

a parameter in Duncan-Chang E-
B model

water pressure

atmospheric pressure

increment of effective stress

P,
P,

q.

~

2%
Vfr.r
Vleak

w

W,

Wp

load applied on the specimen

total concentrated load applied on
soil beam

driving pressure of injected fluid
driving pressure of infiltrated pore fluid
water pressure applying on internal
surface of circular or spherical cavity
unconfined compression strength
of soil

shearing force acting on crack plane
radial distance from center of cir-
cular or spherical cavity

coefficient of determination
resistance to propagate crack

ratio of average vertical stress to
water pressure

a parameter in Duncan-Chang FE-
B model

average load transfer ratio

ratio of water pressure to overbur-
den pressure

coefficient related to diameter of
needle inserted into specimen
effective length of specimen
gravity force of shell rock-fill
traction vector defined according to
the outward normal along I
excess pore water pressure in
soil element

pore water pressure in soil
displacement vector

initial pore pressure

volume of crack itself

volume leaked out through crack walls
crack width

width of specimen

strain energy density

hydrostatic pressure in vertical di-
rection

liquid limit

plastic limit



Am

‘Yu‘

direction pointing at left abutment
along a horizontal line parallel to
dam axis

coordinate axis x
direction pointing at downward
stream perpendicular to dam axis
coordinate axis y

direction pointing at upward vertical
coordinate axis z

distance in vertical direction
coefficient related to compression
of soil

proportionality coefficient

Henkel pore water pressure coeffi-
cient

slope angle of crack face
coefficient related to compression
of soil

unit weight of soil

coefficient of determination

unit weight of water

curve surrounding notch tip start-
ing from lower flat notch surface
and ending to upper flat surface
initial curve surrounding notch tip
curve surrounding notch tip after
small distance Aa outward along
crack

bounding curve of two-dimensional
elastic body

portion of I on which tractions T
are prescribed

virtual increase in crack depth
increment of water pressure in cir-
cular cavity while hydraulic fractu-
ring is induced

increment of pore pressure
increment of octahedral normal stress
increment of vertical normal stress o.
increment of octahedral shear stress

increment of shear stress r,

Ar,. increments of shear stress 7,

Az, increment of shear stress

Ag  increment of internal friction angle
of material

0 propagation angle of crack

II total potential energy

IT(a) potential energy of body with notch
tip at r=a

IT(a + Aa) potential energy of body

with notch tip at z=(a+
Aa)

0 density of material

c load applying on soil element
effective normal stress developed on
crack face

o major principal stress

o2 middle principal stress

o3 minor principal stress

O radial normal stress acting on exterior
surface of circular or spherical cavity
confining pressure perpendicular to
central axis of circular cavity in
sample

o normal stress applying on crack face

o, radial stress in soil mass of circular
or spherical cavity

o, shear stresses applying on crack face
tensile strength of soil

O apparent tensile strength of soil

o, normal stress applying at vertical
planes perpendicular to upstream
surface of core
normal stress applying on the ele-
ment in x direction

o, normal stress applying on vertical
planes parallel to upstream surface
of core
normal stress applying on the ele-
ment in y direction

Oy yield stress of material

o: normal stress applying on horizontal



Oy

Tr
T

Ty

plane

normal stress applying on the element
in z direction

circumference stress in soil mass of
circular or spherical cavity
effective stress in soil element
effective shear stress applying on
crack

effective stress in vertical direction
average of vertical stresses
effective shear stress applying on
crack face

shear strength of crack

shear stress in polar coordinates
shear stress applying on vertical
planes parallel to upstream surface
of core

shear stress applying on horizontal
plane

reverse shear stress

Poisson’s ratio of material

Ve

Vs

P2

da
(K]
(K1

[K s

—adIl

-Notional meaning of mathematical sign

displacement towards upstream

displacement towards right bank

Poisson’s ratio of core soil

Poisson’s ratio of shell rock-fill

internal friction angle of material

initial internal friction angle of ma-

terial

internal friction angle of crack before

water entering

internal friction angle of crack af-

ter water entering

spreading depth of crack

structural stiffness matrix

overall stiffness matrix with crack

depth (a)

» overall stiffness matrix with
crack depth (a+Aa)

vector of corresponding nodal loads

vector of displacements corresponding

to every degree-of-freedom in struc-

ture

reduced energy of elastic system

displacement downward , 1i. e. settlement

decrease o f conductance
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Chapter 1
Introduction

1.1 Types of Embankment Dam

In dam engineering, many dam types, such as arch dam, gravity dam,
arch-gravity dam, barrage, and embankment dam, were/are used, but the
embankment dam is the most important type. This is because majority of dams
worldwide are embankment dams.

Embankment dams are made from compacted earth, and have two main
types, rock-fill and earth-fill dams. Embankment dams rely on their weight to
hold back the force of water, like the gravity dams made from concrete.

Rock-fill dams are embankments of compacted free-draining granular earth with an
impervious zone. The earth utilized often contains a large percentage of large particles,
such that the term rock-fill is called. The impervious zone may be on the upstream face
and made of masonry, concrete, plastic membrane, steel sheet piles, timber or other
material. The impervious zone may also be within the embankment, in which case it is
referred to as a core. In the instances where clay is utilized as the impervious material ,
the dam is referred to as a composite dam. To prevent internal erosion of clay into the
rock-fill due to seepage forces, the core is separated using a filter. Filters are specifically
graded soil designed to prevent the migration of fine grain soil particles. When suitable
material is at hand, transportation is minimized leading to cost savings during construc-
tion. Rock-fill dams are resistant to damage from earthquakes. However, inadequate
quality control during construction can lead to poor compaction and sand in the embank-
ment which can lead to liquefaction of the rock-fill during an earthquake. Liquefaction
potential can be reduced by keeping susceptible material from being saturated, .and by
providing adequate compaction during construction.

A concrete-face rock-fill dam is a rock-fill dam with concrete slabs on its
upstream face. This design offers the concrete slab as an impervious wall to pre-
vent leakage and also a structure without concern for uplift pressure. In addi-
tion, the concrete-face rock-fill dam design is flexible for topography, faster to
construct and less costly than earth-fill dams. The concrete-face rock-fill dam

originated during the California Gold Rush in the 1860s when miners constructed



