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Discrete Element Modeling of Hydraulic Fracturing in Granite
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ABSTRACT: This paper presents a micro-mechanical study of hydraulic fracturing due to high pressure viscous fluid injection into
low porosity elasto-plastic media. The Discrete Element Method (DEM), particularly the Bonded Particle Model upgraded with a
fluid-solid interaction model, is used to simulate the micro-mechanics of rock fracturing around a wellbore. Fluid viscosity is varied
to better understand hydro-mechanical coupled process, which includes pore pressure changes and fracturing. Numerical results are
verified and complemented with the results from laboratory tests. In the laboratory, a large-scale true triaxial test was used for
confinement of porous granite rock sample, which is simultaneously fractured by injection of high pressurized viscous fluid. The
numerical and laboratory results show quantitative and qualitative consistence. The main outcome of the study is a better
understanding of the fluid viscosity role in strain-stress field development which leads to the fracturing. Micro-mechanical insights
indicate that if high fluid viscosity is used, a wide macro scale area around the wellbore becomes damaged. Pressure buildup occurs in
the wellbore due to the high injection rates combined with slow inflow of fluid into rock fractures and pores. On the other hand, low
viscosity fluid penetrates rock fractures easily, resulting in a discrete fracture that propagates from the wellbore accompanied with a
wellbore pressure dropping during fracture propagation.

RESUME: Cet article présente une étude micro-mécanique de la fracturation hydraulique due a l'injection de fluide visqueux sous haute
pression dans des milieux élasto-plastiques poreux. La méthode des éléments discrets (DEM), en particulier le modele de particules
collées amélioré avec un modéele d'interaction fluide-solide, est utilisé pour simuler la micro-mécanique de la fracturation rocheuse autour
d'un puits de forage. La viscosité du fluide est modifiée pour mieux comprendre le procédé couplé hydro-mécanique qui comprend les
changements de pression interstitielle et la fracturation. Les résultats numériques sont vérifiés et complétés par les résultats des tests de
laboratoire. En laboratoire, un essai triaxial vrai a grande échelle a été utilisé pour le confinement d'un échantillon poreux de roche
granitique, qui est simultanément fracturé par injection de fluide visqueux a haute pression. Les résultats numériques et de laboratoire
montrent une consistance quantitative et qualitative. Le résultat principal de 1'étude est une meilleure compréhension du réle de viscosité
du fluide dans le développement du champ de tension-stress qui conduit a la fracturation. Les connaissances micro-mécaniques indiquent
que si une viscosité élevée du fluide est utilisée, une large zone d'échelle macro autour du puits de forage est endommagée.
L'accumulation de pression se produit dans le puits de forage en raison des taux d'injection élevés combinés avec l'afflux lent de fluide
dans les fractures de la roche et les pores. Au contraire, le fluide a faible viscosité pénétre facilement dans les fractures de la roche, ce qui
entraine une fracture discréte qui se propage a partir du puits de forage accompagnée d'une chute de pression du puits de forage pendant
la propagation de la fracture.

KEYWORDS: discrete element modeling, wellbore fracture initiation, geothermal energy.

effect on the Mode I fracture toughness Kic for field size
fractures (Shlyapobersky, 1985). Second, the un-wetted zone in
front of the crack tip has pressure less than the closure pressure
and hence acts to clamp the fracture tip closed and reduce the

1 INTRODUCTION

Hydraulic fracturing of hot dry granite is encountered in

Enhanced Geothermal Systems (EGS), where the initailly low
permeability granitic reservoir needs to be fractured for
geothermal fluid circulation. Hydraulic fracture in hot dry rock
(HDR) is initiated from a wellbore using pressurized fluid. It is
assumed that the stresses around the wellbore are increasing
until the rock breaks in tension, most commonly following the
principles of linear elasticity. Fracture propagation is governed
by the in situ stresses, rock type, and rock morphology and
loading conditions at the borehole. In the biaxially compressed
solid brittle material, the fracture propagates parallel to the
direction of the maximum compressive in-situ stress. Elasticity
assumptions are used in models for the prediction of hydraulic
fracture behavior (Yew, 1997). In practical applications of
hydraulic fracturing, the measured net pressures are usually
larger than those predicted by models (Shlyapobersky, 1985).
The high net pressures are assumed to be due to better than
expected containment, poor measurement of closure stress,
near-wellbore effects, complex fracturing, poor understanding
of rheology and other factors. The general tendency has been to
focus on the tip region as a source of those anomalies
(Economides et al., 2000). First, tip effects can lead to scale

stress intensity in the rock. In the modeling of hydraulic fracture
propagation, the size of the wetted zone at the crack tip is
usually assumed (Khristianovic & Zheltov, 1955). It is still not
clear how the un-wetted zone depends on rock properties and
confining stresses and permeability. From shallow depth
hydraulic fracturing experiment, sizable fluid lag zones were
found (Warpinski 1985). Third, the possibility of large damage
zone and plasticity around the fracture tip can invalidate the
LEFM (Linear Elastic Fracture Mechanics). The mechanism
responsible for elevating crack tip pressures is dilatancy just
behind the fracture tip. Lower viscosity fluids (1 Pa‘s) can
easily penetrate through the interconnected pores into rock from
borehole wall and the fluid penetration causes pore pressure
increase around the borehole (Shimizu et al., 2011). As a result,
the effective stress around the borehole reduces, and induces
microcracking. Fracture is able to propagate without increasing
borehole pressure. Thus, the crack initiation pressure was found
lower for low viscosity fluids. When high viscosity fluid was
used, the fracture did not propagate without the pressure
increase and the breakdown pressure was significantly higher
than that with low viscosity fluid (Shimizu et al. 2011). This
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paper presents results of a Discrete Element Model (DEM)
study of hydraulic fracturing of hot dry granite and the resluts
comparison with the laboratory experiments performed by
Frash et al. (2014). The DEM simulations were performed with
borehole pressure rate control, therefore the pressure drop
associated with the fluid infiltration in the rock was not
considered. This study invesigates effects of fluid viscosity on
fracture propagation and micro-cracks using flow-rate-
controlled wellbore loading, and by monitoring the pressure
drop in the wellbore during the fracture propagation.

2 METHODOLOGY

To investigate the effects of fluid viscosity on hydraulic fracture
propagation in HDR, the Discrete Element Method (DEM) is
used. DEM 1is a numerical computational tool for modeling
behavior of individual particles and solids. DEM was developed
first to model particulate media and explicitly study individual
particles trajectories and interactions (Cundall & Strack, 1979).
Bonded Particle Model (BPM) is an extension of DEM, which
uses DEM particles bonded with so called parallel bonds that
act as a cementation between particles (Potyondy & Cundall
2004). Such bonds are able to transfer forces and bending
moments through particle assembly that behaves as solid. In
addition, fractures can form and propagate between cemented
particles when bonds break under local stress state that exceeds
bond strength. Synthetic granite in PFC2D was modeled
following the previously published recommendations for the
BPM (Potyondy and Cundall, 2004). BPM in particular was
used in this research as modeling tool because several other
studies performed in the past using BMP for studying brittle-
rock behavior, fracturing and mechanical response proved to be
successful (Al-Busaidi et al. 2005; Hazzard & Young 2004a;
Hazzard & Young 2004b; Asgian et al. 1995; McCartney et al.
2016; Tomac 2014; I Tomac & Gutierrez 2015; Tomac &
Gutierrez 2014; Tomac & Gutierrez 2012; Ingrid Tomac &
Gutierrez 2015; Wanne & Young 2008; Tomac & Gutierrez
2016).

1.1 Model details

Table 1 shows geometrical parameters of laboratory granite and
PFC2D synthetic granite specimens, where b, & and d are
sample width, height and thickness of the model. PFC2D is

two-dimensional model, with out of the plane thickness of unity.

DEM particles are here modeled as disks with unit thickness,
and all the forces and parameters during the simulation are two
dimensional. R is the average particle diameter. Particles
diameters in PFC2D follow normal distribution between Rumin
and Rumar, Where Ruad/Rmin=1.66. Gmax and Gmin are confining
stresses imposed to the specimen by steel load platens in

laboratory and steel walls in the PFC2D model, and p is density.

Platens and walls stresses are maintained constant during time-
stepping.

Table 1. Geometrical parameters of the laboratory and PFC2D samples.

Colorado Rose Red granite rock. The discrepancy of the
Unconfined compressive test results, g. are expected and
previously detected using BPM in two dimensions for modeling
granite and other quasi-brittle rocks (Potyondy & Cundall,
2004). Unfortunately, this discrepancy is not able to be resolved
with the present model capabilities. However, it is shown here
that in the case of hydraulic fracture initiation and propagation
from the pressurized hole in the biaxial confined specimen, the
predominant fracturing mechanism is Mode I tensile fracturing.
Therefore, the g« discrepancy is neglected in this study.

Table 2. Mechanical parameters of the laboratory and PFC2D samples.

. Laboratory PFC2D

Granite . ;

Parameter granite synthetic

(average) . .

specimen granite
o, (MPa) 3.0-25.0 7.5 437
q. (MPa) 100.0-300.0 154 14.9
E (GPa) 30.0-70.0 56.9 57.7
Kjc(MPam'?)  0.11-0.41 0.72 0.31
v(-) 0.25 0.32 0.21

k(-) 1071210 <l.16 8-101

Laboratory PFC2D
Parameter granite synthetic

specimen granite
b, h,d (cm) 30.0 20.0
Rgy (mm) - 133
Gmax (MPa) 13.0 12.0
Omin (Mpa) 80 65
p (g/cm3) 2.63 2.63

Table 2 shows the comparison of measured mechanical
parameters between PFC2D, a synthetic granite and the

3 RESULTS

The DEM modeling results are compared and validated with the
laboratory fracturing of granite in a true triaxial apparatus
(Frash et al. 2014). Hydraulic fracturing of the Colorado Rose
Red granite is performed using high viscosity motor oil and
water. For accentuating a constrast of viscosity of fracturing
fluids, results from two confined tests from the laboratory and
DEM are shown here, one that uses water and another that uses
motor oil. Both tests are performed in several fracturing stages.
Due to the long computational time, it is not feasible to model
all the testing stages in DEM, but instead some characteristic
moments are chosen.

The scope of the evaluation is to investigate whether the
model is able to capture main phenomena and mechanical
behavior of the laboratory model. The scope of using two
different viscosities is to better understand effects of fracturing
fluid property on hydraulic fracturing process. In particular, the
fracture initiation pressure and pressure drop during fracture
propagation under constant, quasi-static flow rate is evaluated.
Fracture orientation with respect to the confining stresses
orientation, fluid infiltration into the rock pores and the micro-
cracks around the main fracture are observed. Figure 1 shows
the laboratory cross section of the fractured granite with high
viscosity fluid (u=0.072 Pa-s) at a quasi-static pressurization.
The PFC2D model results are shown in Fig. 2. The fractured
sample exhibits substantial micro cracks in the wide zone
around the borehole. The dominant direction of micro cracking
is in the direction parallel to Gma. The laboratory sample shows
oil infiltration in darker color in this zone.

Figure 3 shows the results of PFC2D fracturing model. The
wellbore fluid flow rate is held constant during the fracturing at
a quasi-static rate. The pressure evolution with time is measured
at the wellbore. Despite micro cracks developed, the wellbore
pressure is increasing during simulation. Consequently, the
absence of sudden borehole pressure drop indicates that fluid
did not infiltrate far into the fracture in PFC2D.
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Figure 1. Fractured laboratory confined smple using motor oil
(u=0.072 Pa-s) at a quasi-static pressurization (Frash et al., 2014).

Figure 2. PFC2D prediction of fractured confined sample with high
viscosity fluid (u=0.072 Pa-s) at a quasi-static pressurization and the
granite initial permeability =810 m?,

600.0 1
500.0 A

le

n=0.072 Pa-s

1

400.0 A
300.0 4

NG

Number of tensi
microcracks.
(3]
S
(=]
(=]
A

100.0 A

0.000  0.005 0010 0015 0.020

Time, 7 (s)

p=0.072 Pa-s

0.0 T T T |
0.000  0.005 0010 0015 0.020

Time, 7 (s)

Figure 3. PFC2D borehole pressure and micro-cracks for the confined
sample with high viscosity fluid (u=0.072 Pa‘s) at a quasi-static
pressurization and the granite initial permeability &=8-10'* m?.

The fracturing with low viscosity fluid (water and proppant
ballotini) was also used to evaluate the behavior of the PFC2D
model. The presence of proppant was neglected in PFC2D
model. Figure 4 shows the laboratory specimen fracture and
fluid infiltration (blue dye) around the fracture. On the right the
area of fluid infiltration around the borehole is visible. It can be
seen that the fluid infiltration area is less “ellipsoidal” than in
the Figure 1, where high viscosity fluid was used, in spite of the
fact that both specimens were biaxially confined. On the left,
the single fracture can be observed. Figure 5 shows hydraulic
fracture in PFC2D model. Cyan circles show computational
fluid domains filled with fluid and indicate the distance of

saturated newly formed hydraulic fracture. Blue lines represent
micro cracks or broken normal parallel bonds. Predominant
mode was tensile fracturing, because shear micro fractures (red
lines) are not observed in the fracture zone.

Figure 4. Laboratory specimen fractured with water, example cross-
section taken from the confined granite specimen after hydraulic
fracturing (left) and a detail view highlighting a dyed fracture (right)
(Frash et al., 2014).

Figure 5. Predicted fracture in PFC2D using low viscosity fluid (water).

The models which use lower viscosity fluid in PFC2D such
as u=10" - 10”7 have very narrow fractured zone that looks like
a single fracture in the direction of maximum confinement
stresses. The pressure for fracture initiation shows a peak
followed with the pressure drop associated with the fracture
propagation. Figures 6 and 7 show examples of model
fracturing results. Figure 6 shows the borehole pressure drop
observed in the laboratory. The time-frame modeled in PFC2D
is very small due to a small DEM time step. However, the
borehole pressure evolution obtained in the laboratory is
comparable to the PFC2D results (blue line in Figure 6).
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Figure 6. Pressure drop in the laboratory sample, fracturing with water
and proppant.
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Both fracture initiation (increase in number of micro cracks)
and fracturing pressure can be observed in Figure 7, and they
are very similar to the laboratory result in magnitude despite
slight differences in granite tensile strength and confining
stresses between laboratory and PFC2D models (Table 2).
Figure 7 also shows that borehole pressure drop in the PFC2D
model occurs like the laboratory sample, and is associated with
the further fracture growth. After the initial breakdown, in

- 1089 -



Proceedings of the 19" International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017

PFC2D fracture continues to grow at a steady rate and pressure
remains fairly at a constant level.
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Figure 7. Pressure drop and number of cracks in the PFC2D sample
fractured with water.

4 CONCLUSIONS

The study presented in this paper uses Discrete Element
Modeling for simulating a hydraulic fracture initiation and
proppagation from the wellbore in a two dimensional model.
Additionally, the results as well as major conclusions are
compared and validated with the laboratory granite sample
hydraulically fractured under true triaxial loading. This study
clarifies and delivers better understanding of the effects if
fracturing fluid propperties on hydraulic fracturing of hot dry
rock presented in Enhanced Geothermal Systems. It was found
that fluid viscosity does not have a major influence on the
borehole breakdown pressure, but it is important for fracture
propagation. Higher viscosity fluids under ideal breakdown
pressure are able to produce initial fracturing, but instead of
fracture propagation, fracture arrest occurred accompanied with
additional micro cracks only in the vicinity of the borehole. The
reason for this was extensive pressure build up without pressure
drop caused by fluid infiltration in the fracture when the flow
rate into wellbore is constant over time.
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