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Fluid-driven fractures in uncemented sediments: Underlying particle-level processes
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Granular materials subjected to fluid flow may experience fracture formation and fluid flow localization.
Current explanations for hydraulic fracture in soils fail to satisfy the inherent characteristics of granular
materials: effective stress-dependent cohesionless-frictional strength. We apply complementary experi-
mental and numerical techniques to identify the underlying particle-scale mechanisms. First, we show that
the miscibility of the invading fluid with the host fluid leads to distinct localization processes that depend on
the balance between particle-level skeletal forces (effective stress-dependent), capillary forces (the invasion
of the interfacial membrane when immiscible fluids are involved), and seepage drag forces (associated with
fluid flow velocity). Then, we identify the positive feedback mechanisms at surface defects and fracture tips
that promote fracture initiation and sustain fracture propagation. These include increased porosity at the tip
due to strains preferentially normal to the fracture alignment, either eased membrane invasion (immiscible
fluids) or higher hydraulic conductivity (miscible fluids), and the emergence of particle-level forces that
promote opening-mode particle displacement. This effective stress compatible sequence of events helps
identify the parameters that govern fluid-driven fracture formation in uncemented sediments, and explain
experimental observations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydraulic fractures affect a wide range of geosystems, may cause
the failure of man-made structures (Leonards and Davidson, 1984;
Sherard, 1986), define the ‘geo-plumbing’ responsible for the
development of oil and gas reservoirs (Brown et al., 1994),
enhance resource recovery from C-fuels and geothermal reservoirs
(Economides and Nolte, 2000; Nemat-Nasser et al., 1982), facilitate
waste injection (Keck and Withers, 1994), and hinder the long-term
storage of CO2 (Cailly et al., 2005; Chalbaud et al., 2009).

Fluid-driven fracture initiation and propagation in brittle solids are
dominated by tensile failure (Hubbert and Willis, 1957). This cannot
be the case in unconsolidated/uncemented sediments: contrary to
solid materials, uncemented granular materials, both fine and coarse-
grained, are already “separated” at the particle-scale and their
strength is effective stress-dependent. Hence, soils can carry no
tensile stress and the effective stress field must be compressive
everywhere.

Yet, hypotheses for fracture initiation in granular materials
consider tensile failure (Alfaro and Wong, 2001; Andersen et al.,
1994; Bjerrum et al., 1972; Jaworski et al., 1981; Terzaghi et al., 1996;
Widjaja et al., 1984), shear failure (Atkinson et al., 1994; Chang, 2004;
Komak Panah and Yanagisawa, 1989), or a combined failure mode

(Mori and Tamura, 1987; Soga et al., 2006). Shear failure is compatible
with a cohesionless-frictional strength envelope, but most hydraulic
fractures in soils exhibit opening-mode (e.g. X-ray images in
Toshikazu et al., 2002), and the orientation is perpendicular to the
minor effective principal stress rather than in the 45° orientation
corresponding to shear failure. Predictions based on total stress
parameters may match the opening-type failure mode, but they need
to assume tensile resistance which cannot be justified in effective
stresses. These observations categorically imply that previous hy-
potheses for hydraulic fracture in uncemented sediments are not
compatible with the fundamental behavior of uncemented granular
materials.

The purpose of this study is to identify effective stress compatible
mechanisms for fracture formation and propagation in unconsolidat-
ed/uncemented sediments caused by the forced invasion of either
immiscible or miscible fluids. We report the results of a unique
experimental study designed to identify particle-level mechanisms.
Then, we explore the macro-scale evolutions of effective stress and
void ratio with time.

2. Experimental study

The initiation of hydraulic fractures on planar sediment surfaces
(instead of boreholes) is experimentally studied using the cylindrical
stainless steel cell shown in Table 1a. A Ca-montmorillonite slurry
(liquid limit=97%, plastic limit=47%, initial water content
w=150%) is placed inside the chamber and allowed to consolidate
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to 2 kPa. Then, the chamber is filled with either an immiscible fluid
(colorless and transparent safflower oil, viscosity μ=50 cP) or a
miscible fluid (water) that rests on top of the sediment. The
supernatant fluid is pressurized to force it to invade the soil mass.
The formation of fractures on the soil surface is recorded using high
resolution digital photography in time-lapse mode.

Drainage starts immediately after opening the bottom drainage
port. At first, the sediment settles evenly. Fractures initiate after a
certain time delay and always originate at surface defects such as
minute sub-millimeter surface dimples as can be seen in Figure 1.
Hence, hydraulic fracturing is intimately linked to pressure diffusion
and the triggering effect of surface defects. Closing the bottom
drainage port after crack initiation halts propagation when either
immiscible or miscible fluids are involved. This implies that the
driving force for fracture propagation vanishes in a closed system.

Specimens are analyzed at the end of the test. When an immiscible
fluid was forced onto the sediment, we observe no evidence of oil
invasion into the sediment except at fractures, and the initially soft

sediment had become stiff throughout the whole depth. However,
specimens tested with a miscible fluid have remained soft near the
top surface but stiffened towards the bottom.

3. Particle-level forces

Grains displace δ as a fracture opens. Displacements δ=at2 /2 are
the integral of accelerations ‘a’ that result from unbalanced particle-
level forces, F=ma. Themost important particle-level forces F [N] in a
medium made of grain size ds [m] being invaded by either a miscible
or an immiscible fluid are: the weight of grains W=πds

3ρg/6
composed of a mineral with mass density ρ [kg/m3], the skeletal
force Fsk=σ'ds2 that grains must carry due to the local effective stress
σ' [N/m2], the capillary force Fc=πdsTS caused by immiscible fluids
with interfacial tension TS [N/m], and the seepage force Fs=3πμvds
produced by a fluid of viscosity μ [N⋅sec/m2] when it traverses pores
with flow velocity v [m/s].

Table 1
Methodology. a) Experiments. b) Numerical analysis.

a) Experimental device
Cylindrical, stainless steel chamber see-through
window built in the top cap
Note: all dimensions in [mm]

b) Numerical simulation
b-1. Element type and boundary conditions

Results in Figures 4 and 5 Results in Figure 6 Results in Figure 8

Element type: 4 nodes for fluid pressure and
8 nodes for displacement. 2D plane strain.
No friction against boundaries.

Element type: 8 nodes for displacement.
2D plane strain. Constant σ´ on the boundary,
u0 around the notch surface.

Element type: 4 nodes for fluid pressure and
8 nodes for displacement. 2D plane strain. Constant
σ´ on the boundary, u0 around the borehole.

b-2. Model and material properties
Constitutive model: Modified Cam clay model. Adopts Hvorslev surface and tension cut-off. Associated flow rule. Soil properties: normally consolidated sediment, compression
index Cc=0.46, swelling index Cs=0.15, void ratio at 1 kPa e1 kPa=3, failure stress ratio M=1.2, drained Poisson's ratio ν=0.3
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Sketches in Figure 2 show capillary forces (Fig. 2a) and seepage
drag forces (Fig. 2b) that are expected during the forced invasion of an
immiscible fluid or a miscible fluid. Note that capillary and seepage
forces tend to cause (i) particle separation at the tip of a surface defect
(or at the tip of a fracture), (ii) grain convergence near the shoulder of
the defect, and (iii) 1D compaction in the far field.

An opening will form in the soil mass when capillary and/or
seepage forces exceed the local skeletal force and the particle self-
weight. The relevance of particle size ds is highlighted by the linear f
(ds), square f(ds

2) or cubic f(ds3) dependency of these forces: weight
and skeletal forces decrease faster than capillary and drag forces with
decreasing particle size. We note that: (1) high local gradients and
pore velocities of the fluid at the fracture tip determine the drag
forces, (2) the van der Waals attraction force Fatt scales with the grain
size ds and remains much smaller than the capillary force for all ds,
Fatt «Fc (not included among governing forces above). Hence, capillary
and seepage-related drag forces can overtake self-weight and skeletal
forces as particle size decreases, and fine-grained soils are more
susceptible to fluid-driven fracture formation.

Typically particle displacements are very small in coarse-grained
sediments, and sediments are invaded without experiencing particle
separation (capillary and seepage forces are much smaller than
skeletal forces-zone “a” in Fig. 3). Capillary forces gain relevancewhen
an immiscible fluid is forced to invade fine-grained soils and can
effectively cause the wedge action that promotes opening-mode
fracture propagation (zone “b” in Fig. 3). Hydraulic fracture initiation
in granular media driven by miscible fluids requires sufficient drag to
open and support the fracture walls (zone “c” in Fig. 3). This can be
achieved either in fine-grained soils, using high viscosity fluids,
imposing high flow velocity, or promoting filter-cake formation
(Khodaverdian and McElfresh, 2000). Finally, seepage and capillary

forces may combine to cause fluid-driven localization under mixed
conditions (zone “d” in Fig. 3).

4. Numerical analyses

We capture the mechanisms postulated above in finite element
simulations to further investigate on the formation of hydraulic
fractures driven by the forced invasion of immiscible and miscible
fluids in soils. We conduct all studies in effective stresses to explicitly
recognize the particulate nature of granular materials. We represent
the soil mass using the Modified Cam Clay model, adopt the Hvorslev
surface to avoid overestimating the peak shear strength, and assume
zero soil cohesion by imposing the tension cut-off boundary (Muir
Wood, 1990; Schofield, 1980). Other constitutive model parameters,
simulation details and boundary conditions are summarized in
Table 1b.

4.1. Immiscible fluid

The interfacial membrane between the two immiscible fluids rests
on the sediment surface and acts as an impermeable boundary. The
pressure uinv is applied normal to the top boundary and drainage is
allowed through the bottom of the specimen (Table 1b).

Numerical results are shown in Figure 4 for a given geometry of the
surface defect at dimensionless time T=t/(H2/cv)=0.33 where H is
the sediment thickness. Away from the surface defect, strains are
vertical and void ratio changes follow the 1D normal consolidation
line everywhere in the far field (~k0-“iii” in Figure 4—Numerical
results agree with analytical predictions shown in Fig. 1a). The void
ratio decreases themost around the shoulder of a surface defect due to
quasi-isotropic confinement imposed by the interfacial membrane

Fig. 1. Hydraulic fracture formation on the soil surface. (a) Immiscible fluid (pressure 200 kPa). (b) Miscible fluid (pressure 350 kPa).
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(~isotropic—“ii” in Fig. 4). Finally, the void ratio at the tip of the
surface defect decreases at a much lower rate (may even increase for
some tip geometries), remains higher than anywhere else (“i” in
Fig. 4), and strains are primarily in the horizontal direction (Fig. 4c).
These numerical results are in agreement with the particle-scale
mechanisms shown in Figure 2.

Open fracture initiation is predicted when the pressure difference
between the invading and host fluids uinv−uhost equals maximum
pressure difference Pmax that a sediment can resist against the
advancing interfacial membrane. Assuming parallel platy particles of
thickness ts [m] and mean separation distance d [m], the value of
Pmax can be estimated using Laplace equation Pmax=2Ts/ d for a
cylindrical interface of diameter d, where Ts is the surface tension
between the two contacting fluids. This expression can be written in
terms of macro-scale sediment parameters, recognizing that the void
ratio e (volume of voids/volume of solid) for this parallel plate
configuration is e=d/ts, and that specific surface Ss [m2/g] (surface
area/mass) is Ss=2/(ρ ts) where ρ [g/cm3] is the mineral mass
density. Then,

Pmax = uinv−uhost½ �max =
2TS
d

=
ρTS SS

e
: ð1Þ

For clarity, the receding contact angle is assumed θ≈0 in this
analysis.

4.2. Miscible fluid

The supernatant miscible fluid is pressurized and drainage is
allowed through the bottom port. Seepage drag forces cause particle
displacements; these forces and displacements translate into effective
stress changes and strains at the macro-scale. In the absence of an
interfacial membrane on the soil surface, the host fluid pressure below
the soil surface immediately equals the supernatant fluid pressure,

and the effective stress remains null on the soil surface regardless of
the applied pressure. This agrees with the very soft sediment
condition observed at the end of all tests with miscible fluids.
Everywhere else, the imposed gradient i implies a change in effective
stress Δσ'=γf∫ ids, which in-turn causes consolidation (analytical
results in Fig. 1b).

Changes in void ratio affect the hydraulic conductivity and flow
conditions: clearly, this is an inherently coupled hydro-mechanical
problem. Hydraulic conductivity is controlled by pore size and
connectivity in the direction of flow (Stewart et al., 2006). Therefore,
k cannot be a volume-average isotropic parameter in the context of
fracture formation. Various relations have been proposed for stress-
dependent (Debschutz et al., 1989; Rice, 1992; Shi and Wang, 1986),
and for strain-dependent hydraulic conductivity (Wong, 2003). We
prefer a strain-dependent formulation to highlight the inherent link

Fig. 3. Hydraulic fracture regimes depending on fluid and soil type. Balance between
capillary FC=πdsTS, skeletal FSK=σ′ds

2, and seepage FS=3πμdsvf forces.

Fig. 2. Particle forces and displacements around a surface defect during the forced invasion of (a) an immiscible fluid, and (b) a miscible fluid.
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between hydraulic conductivity and pore size. The evolution of
hydraulic conductivity with strain k=f(ε) determines the severity of
the positive feedback that may eventually lead to run-away fracture
formation. The general form of the k=f(ε) equation we adopt
for these simulations reflects the fundamental nature of flow in

porous media captured in the Kozeny–Carman equation. Consider a
region width w made of N-particles size ds. A transverse opening
width b develops, so that the average strain is εx=b/w. Fluid flow is
estimated using the Kozeny–Carman equation for the intact material
and the Navier–Stokes equation for an incompressible fluid flowing
along the opening of width b. Then, the hydraulic conductivity for
flow in the y-direction before straining kyo and after straining ky(εx)
are related as:

ky εxð Þ = 1 + 15
1 + e
e3

N2ε3x

� �
kyo

= 1 + λε3x
� �

kyo

ð2Þ

The second general expression for macro-scale hydraulic conduc-
tivity shows sensitivity to the transverse strain εx to the third power,
amplified by a factor λwhich is inversely proportional to the square of
the particle diameter. Note the high sensitivity of hydraulic
conductivity to tensile strain εx perpendicular to the flow direction
y, particularly in fine-grained sediments where λ is high. This
expression allows us to compute the evolution of the hydraulic
conductivity tensor as a function of the strain tensor (computed in the
principal strain directions). Then, we rotate hydraulic conductivity
tensor to the original coordinates.

Simulation results are presented in Figure 5 at different times after
bottom drainage starts. The following observations can be made:

▪ Seepage normal to the surface in the far field of a surface defect
(“iii” in Fig. 2) produces an increase in effective vertical stress; the
horizontal stress increases as well according to the k0 stress ratio at
zero lateral strain (Jaky, 1944), and the sediment compacts.

▪ The presence of the surface defect distorts equi-potential pressure
lines and causes the development of a horizontal hydraulic
gradient ix against defect walls and at the tip.

▪ Strains at the tip of the defect are primarily tensile and horizontal
εx. Thus, the hydraulic conductivity increases in the vertical
direction according to ky(εx) in Eq. (2). There is almost no change
in horizontal hydraulic conductivity.

▪ A fully fluidized region (u/u0≈1) advances at the tip of the defect
indicating open fracture propagation.

These results highlight the role of positive feedback in the coupled
hydro-mechanical problem that leads to hydraulic fracture in granular
materials.

5. Implications

The previous sections presented experimental, particle-level
analyses and corroborating numerical results obtained using an
equivalent continuum model consistent with uncemented sediment
behavior. Both immiscible andmiscible fluid-driven fracture initiation
and propagation were analyzed. While there are profound phenom-
enological differences between miscible and immiscible fluid inva-
sions, the central role of surface defects on fracture initiation is noted
in both cases. In this section, we explore related implications.

5.1. Surface defects

Seepage drag or capillary action against a smooth soil surface
causes uniform 1D compaction. Similarly, there is uniform cavity
expansion in the case of cylindrical or spherical surfaces (Jaworski et
al., 1981; Widjaja et al., 1984). In fact, all experimental results show
that fluid-driven fracture opening develops when the surface
geometry promotes particle forces that favor “hydraulic wedging”
and grain separation. In otherwords, surface defects play a critical role
in fracture initiation. Defects include topographic features, existing

Fig. 4. Numerical simulation of fracture initiation driven by the forced invasion of an
immiscible fluid. Results shown at dimensionless time T=0.33. (a) Pore pressure,
(b) Void ratio distributions and (c) Horizontal strain (positive for tensile strain). (d) The
evolution of void ratio and pressure difference at the tip (i), shoulder (ii) and in the far
field (iii).
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cracks, heterogeneous stiffness and deformation (Terzaghi et al.,
1996; Towner, 1988; Weinberger, 1999). Porosity changes in fine-
grained soils can also be due to changes in pore fluid ionic
concentration, permittivity or pH (Murray and Quirk, 1990; Palomino
and Santamarina, 2005; Wang and Xu, 2007; Zabat et al., 1997).

We investigate the effect of notch geometry on fracture initiation
pressure and on the direction of fracture propagation using the
numerical approach described above (Numerical model conditions in
Table 1b). Results shown in Figure 6 correspond to immiscible fluid
invasion of (a) a wide notch, width-to-depth w/L=0.25, and (b) a
narrow notch w/L«1. A high increase in void ratio takes place in the
oblique direction at corners of wide notches (Fig. 6a); therefore, initial
fracture growth would not be in the notch main direction but at an
angle, giving the false impression of a shear failure. This is not the case
when slender notches are involved (Fig. 6b): the increase in void ratio
is clearly aligned with the direction of the notch prompting fracture
propagation along the notch direction.

The scale of surface defects such as dimples and notches is typically
much larger than the scale of pores in the sediment. Experimental
results show that notches have little or no effect on the fracture
initiation pressure per se, but on localizing the process (Alfaro and
Wong, 2001; de Pater and Dong, 2007; Yanagisawa and Panah, 1994).
In other words, the particle-scale defines the pore size for membrane

invasion and fluid flow, but the scale and geometry of surface defects
are responsible for local changes that favor fracture nucleation.

5.2. Pore size distribution (immiscible fluid)

Eq. (1) predicts the maximum pressure difference Pmax as a
function of the mean pore size d. However, pore size is not uniformly
distributed and the interfacial membrane will invade large pores first.
Hence, the maximum pressure difference Pmax will be lower than
anticipated by Eq. (1). A better estimate of Pmax starts by recognizing
that most sediments exhibit a log-normal pore size distribution
(Garcia-Bengochea et al., 1979; Juang and Holtz, 1986; Li and Zhang,
2009; Tanaka et al., 2003). The standard deviation σ* in logarithmic
scale log(d/μm) is typically between 0.2≤σ*≤0.5 (H. Phadnis—
personal communication). The “characteristic pore diameter” d* on
the soil surface that determines massive invasion can be related
to the mean pore size by a factor α of the standard deviation
σ�; log d� = μmð Þ = log d = μm

� �
+ ασ� (Ang and Tang, 1975); then,

d* = d × 10ασ*: ð3Þ

The α-factor α≡ log d� = d
� �h i

= σ�≥1:0 determines the percentage
of surface pores invaded at Pmax and is linked to fracture saturation

Fig. 5. Hydraulic fracture initiation and propagation from a surface defect driven by the forced invasion of a miscible fluid. Evolution in time of: (a) host fluid pressure normalized by
applied pressure u/u0, (b) horizontal hydraulic gradient ix, and (c) void ratio e, (d) horizontal effective stress, and (e) horizontal strain (positive for tensile strain).
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(Bai et al., 2000). The analysis of limited experimental data on fracture
saturation suggests that ασ* ranges between 2 and 3. Combining
Eqs. (1) and (3), the statistically modified maximum pressure
difference Pmax becomes

Pmax =
ρTS SS

e
1

10ασ*
≈β

TS SS
e

where β e10−2 to 10−3
: ð4Þ

5.3. Initiation time

The fracture initiation time in the test configuration selected for
this study is controlled by the rate of pressure diffusion and can be
estimated using a 1D diffusion analysis, and the imposed pressure and
flow boundary conditions (refer to analytical results in Fig. 1 and
numerical evidence in Fig. 5).

5.3.1. Immiscible fluid
The host fluid pressure in the far field of the notch (zone “iii” in

Fig. 4) at depth z and time t is computed using the solution of diffusion
equation for the boundary conditions u=0 at the lower drainage
boundary z=0, and ∂u/∂z=0 at the “impermeable” soil surface z=H
where the interfacial membrane rests (Bardet, 1997),

u Z; Tð Þ = ∑
∞

n=0

2uinv

Mn
sin MnZð Þ exp −M2

nT
� �

ð5Þ

where uinv is the fluid pressure applied onto the invading immiscible
fluid that fills the cell at z=H, the parameter Mn is Mn=π(2n+1)/2,
the dimensionless depth is Z=z/H, and the dimensionless time is
T=cvt/H2. The interfacial membrane invades the sediment and
triggers fracture initiation when the pressure difference on the tip
(z~H) reaches the maximum pressure difference uinv−u(H,t)=Pmax

(Eq. (4)).
Measured fracture initiation times are plotted and compared

against the predicted values in Figure 7a. The diffusion coefficient cv
and hydraulic conductivity k are determined from the measured flow
rate data. The fracture cannot develop if the applied pressure uinv is
lower than Pmax; in this case, only vertical compaction is observed in
the oedometer cell. The fracture initiation time decreases asymptot-
ically as the applied fluid pressure uinv increases.

5.3.2. Miscible fluid
The hydraulic gradient can be estimated by the diffusion equation

as well, but in this case the boundary conditions are u=0 at the lower
drainage boundary z=0, and u=uinv at the top soil surface z=H
(Fig. 5a). The hydraulic gradient at the soil surface z=H in the far field
of the notch is,

iy Tð Þ = uinv

γf H
1 + ∑

∞

n=1
2 cos nπð Þ exp −n2π2T

� �� �
ð6Þ

where γf is the fluid unit weight. Numerical simulations show that the
horizontal hydraulic gradient ix(T) at the tip of the surface defects is
about 5 times greater than the vertical hydraulic gradient in the far
field, i.e. ix(T)≈5iy(T) for a wedge-shaped notchwith width-to-depth
ratio 0.1-to-0.5; sharper notches generate slightly higher ix/iy ratios.
The initial void ratio and sediment stiffness determine the critical

Fig. 7. Fracture initiation time versus applied pressure—Prediction and observations.
Observed and estimated fracture initiation time using measured interval value of
diffusion coefficient cv=1.5~5.0×10−7 m2/s for (a) immiscible fluid for ρTsSs/
10ασ⁎=75 kPa where specific surface Ss=300 m2/g for the sediment in this study by
Methylene blue absorption method (Santamarina et al., 2002), (b) estimated miscible
fluid for ic=7×103.

Fig. 6. Numerical simulation for the effect of the notch sharpness on void ratio
(Blue=contraction, red=dilation) with immiscible fluid. (a) A wide notch causes an
increase in void ratio oblique to the notch alignment. (b) A narrow notch causes void
ratio expansion in the direction of the notch. The simulation parameters are applied
fluid pressure u0=200 kPa, effective confining pressure σ0=100 kPa.
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horizontal hydraulic gradient iC to form an opening-mode fracture,
e.g. stiffer media require a higher hydraulic gradient. In terms of the
transverse tensile strain εx, we can anticipate:

εx =
iC
E

ffiffiffiffiffiffiffiffiffiffiffi
γf kμ

q
: ð7Þ

The relative roles of fluid viscosity μ, sediment stiffness E and
hydraulic conductivity k are readily seen in this expression. The
predicted fracture initiation times computed for the inverted/estimated
critical hydraulic gradient iC are plotted together with experimental
observations in Figure 7b. The relationship between fracture initiation
time and applied pressure uinv shows a trend similar to the case of
immiscible fluid invasion: infinite initiation time at low uinv (i.e., no
hydraulic fracture) and asymptotically shorter time at high uinv.

5.3.3. Comparison
The effective stress fields in the vicinity of defects are different in

the two cases. Consequently, fracture pressure with miscible fluids is
higher than that with immiscible fluids, as shown in Figure 7.

5.4. Borehole geometry

The most common situation for hydraulic fractures is around
boreholes. Let us explore this case within the framework of hydraulic
fracture mechanisms identified above.

5.4.1. Immiscible fluid
The borehole experiences axi-symmetric cavity expansion during

the early stages of pressurization. The maximum pressure difference

Fig. 8. Fluid pressure distribution around the borehole with existing open fracture during pressure diffusion (a) Tv=10−4, (b) Tv=5×10−4, and (c) Tv=0.12. The simulation
parameters are applied fluid pressure in the borehole u0=200 kPa, effective confining pressure σ0=100 kPa, and intact hydraulic conductivity k=1.0×10−6 m/s.

Fig. 9. Effect of dimensionless F on the hydraulic fracture propagation with miscible fluid. (a) Low F=tdiff/tfrac for no propagation-closed, intermediate F for trapped propagation, and
high F for propagation. (b) Finite element analysis for fracture propagation with miscible fluid. Propagation of fluid pressure along the horizontal direction: case with u0=200 kPa,
k=1.0×10−3 m/s (Left), case with u0=200 kPa, k=5.0×10−9 m/s (Right) for confining pressure 100 kPa.
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at fracture initiation Pmax decreases as the tangential extensional
strain εθ (positive for tensile deformation) around the borehole
increases. Then Eq. (4) becomes:

Pmax =
ρTSSS

e 1 + εθð Þ
1

10ασ*
: ð8Þ

Cavity expansion continues until the borehole pressure reaches
Pmax and a fracture initiates. Lower sediment stiffness increases the
tangential tensile strain around the borehole and lowers the fracture
initiation pressure. Stress-dependent sediment stiffness E(σ ′) and
void ratio e(σ ′) combine in Eq. (8) to produce a fracture pressure ratio
Pmax/σj

' that is higher in shallower bore holes, in agreement with
experimental observations (Bohloli and de Pater, 2006).

5.4.2. Miscible fluid
There is early borehole expansion driven by the seepage force.

Once a fracture is initiated, fast fracture propagation can be sustained
at lower fracture pressure because short times prevent the diffusive
homogenization of the fluid pressure field, as shown in Figure 8. The
time for pressure diffusion can be estimated as tdiff=L2/cv, and the
time for fracture propagation as tfrac=L /Vfrac. The fracture propaga-
tion velocity Vfrac is inferred from the Perkins-Kern-Nordgren PKN
model under a large fluid leak-off condition and previous experimen-
tal observations with uncemented soils (Atkinson et al., 1994; de
Pater et al., 1994; Nordgren, 1972)

Vfrac∝
1

γ
ffiffiffiffiffiffiffi
Eμ

p u0−σ ′
0

� �2

ffiffi
t

p : ð9Þ

The dimensionless ratio τ between the two time scales becomes

τ =
tdiff
tfrac

∝
uinv−σ ′

0

� �4
= γ2Eμ
� �

cv
=

uinv−σ ′
0

� �4

k
1

γμE2
: ð10Þ

This ratio provides the relationship between governing para-
meters: sediment stiffness E or compressibility mv(∝1/E), fluid
pressure diffusion coefficient cv=k /(γmv), borehole pressure uinv
and effective confining stress σ0

' . Note that pressure diffusive
homogenization requires increasingly more time in fractures away
from the borehole and lower fluid pressure could be needed for
fracture growth. However, viscous drag along the fracture plane has
the opposite effect on the required borehole pressure.

Low τ-values imply that radial pressure diffusion is faster than
fracture propagation in this case, there is low hydraulic gradient
normal to the fracture direction, fractures do not propagate, and pre
existing fractures close (Fig. 9a). The converse is true at high τ-values,
where high hydraulic gradients normal to the fracture surface
produce large drag forces and facilitate further fracture propagation
at the tip. Numerical results (shown in Fig. 9b) confirm these
predictions.

The approximate relationship between the applied fluid pres-
sure uinv and the confining effective stress σ0

' is given by
uinv−σ 0

0

	 

∝

ffiffiffi
k4

p ffiffiffiffiffiffi
σ 0
0

q
suggesting that high leak-off in high hydraulic

conductivity sediments will require higher fracture pressure. The
increase in uinv/σ0

' with decreasing σ0
' implies relatively higher

fracture formation in shallow boreholes (Alfaro and Wong, 2001;
Pruiksma and Bezuijen, 2002), this is analogous to the immiscible
fluid case.

6. Conclusions

Fluid-driven hydraulic fracture initiation and propagation in
uncemented granular materials have been explained either as tensile
failure or shear failure, in part due to apparent similarities with fracture

patterns in solid materials. However, these hypotheses contradict the
inherent effective stress frictional behavior of cohesionless granular
materials and fail to justify experimental observations. Experiments,
particle-scale analyses and macro-scale simulation results obtained in
this study provide unprecedented insight into hydraulic fracture
initiation and growth in granular materials.

Distinct particle-level mechanisms develop whether the invading
fluid is miscible or immiscible with the host fluid. Weight and skeletal
forces decrease faster than capillary and drag forces with decreasing
particle size; hence, fine-grained soils are more susceptible to fluid-
driven fracture formation.

Increased porosity at the fracture tip and strains preferentially
normal to the fracture alignment are common to both miscible and
immiscible fluid-driven fractures. Then, a self-feeding sequence of
events sustains fracture initiation and growth: increased porosity at
the tip, eased interfacial membrane invasion or pronounced increase
in longitudinal hydraulic conductivity, development of capillary or
seepage forces that promote fracture opening, increased porosity at
the new tip location.

These mechanisms can be used to explain the following experi-
mental observations: (1) longer fracture initiation time when the
imposed pressure is low in diffusion-controlled systems; (2) the
relevance of surface defects on fracture nucleation and their
secondary effect on the required fracture pressure; (3) the role of
defect geometry on early propagating direction; (4) the higher ratio
between fracture pressure and effective confining stress at shallow
depth; (5) lower initiation pressure in boreholes than on planar
surfaces; and (6) reduced fluid pressure diffusion and homogeniza-
tion when high propagation velocity is imposed with miscible fluids,
resulting in more efficient fracture propagation.
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