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Abstract: A definite shut-in pressure in hydraulic fracturing techniques is needed for obtaining the correct infor-
mation on the in-situ stress regimes in rock masses. The relation between the behaviour of hydraulically induced
fractures and the condition of remote stress is considered to be major reasons of an ambiguous shut-in pressure in
hydraulic fracturing pressure-time history curves. This paper describes the results of a series of numerical analy-
ses carried out using UDEC(Universal Distinct Element Code, Itasca), which is based on the discrete element
method, to compare several methods for determining the shut-in pressure during hydraulic fracturing. The fully
coupling of hydraulic and mechanical analysis was applied, and the effects of four different discontinuity geome-
tries in numerical modelling have been investigated for this purpose. The effects of different remote stress re-
gimes and different physical properties on hydraulic fracture propagation have been also analyzed. Several meth-
ods for obtaining shut-in pressure from the ambiguous shut-in curves have been applied to all the numerical mod-
els. The graphical intersection methods, such as (P vs. t) method, (P vs. log(t)) method, (log(P) vs. log(t)) method,
give smaller values of the shut-in pressure than the statistical method, (dP/dt vs. P). Care should be taken in se-
lecting a method for shut-in pressure, because there can be existed a stress anomaly around the wellbore and frac-
turing from the wellbore by a constant flow rate may have a more complicate mechanism.

1. Introduction

The hydraulic fracturing technique used first for the well stimulation in the petroleum industry is currently ap-
plied for determining the principal stresses in the Earth’s crust after Hubbert and Willis (1957). The basic concept
for the determination of the principal stresses starts from several assumptions that the rock mass is an impermeable,
homogenous, and isotropic elastic material and one of the principal stresses is parallel to the direction of wellbore.
Consequently the other principal stresses are assumed to be on the plane perpendicular to the wellbore and calcu-
lated from the pressure-time data obtained during hydraulic fracturing (Haimson, 1968).

While calculating the principal stresses from the pressure-time history graph, however, the accurate determina-
tion of shut-in pressure, which shows a pressure decline gradually after stopping the fluid injection, is very impor-
tant because the shut-in pressure is equal to the normal stress acting on the induced hydraulic fractures and indi-
cates the minimum horizontal principal stress directly (Aamodt and Kuriyagawa, 1983, and Rummel, 1987).

However, in most field cases the pressure-time history after shut-in shows an ambiguous curve rather than a
sharp break, so a lot of methods for determining the shut-in pressure have been proposed. Some compare the sev-
eral shut-in pressures obtained from several methods for more accurate determination of the minimum horizontal
principal stress. A review of these various methods can be found in Kim and Flanklin (1987), Lee and Haimson
(1989) and Amadei and Stephansson (1997). They describe the strengths and weaknesses of each method by com-
paring the shut-in pressures, but were not able to propose which method is best for determining the minimum hori-
zontal principal stress. Because nobody knows exactly the minimum horizontal principal stress in the Earth’s crust,
the errors between the real value and the calculated value could not be defined.

In this study, an attempt has been made to validate the several proposed methods for shut-in pressure, under
various remote stress regimes and various rock properties using numerical modeling techniques. In particular, nu-
merical analyses have been carried out to investigate:

1. the effects of the different numerical geometries on the hydraulic and mechanical behaviors of the rock
masses;

2. the effects of the different remote stress regimes on the fluid flow and the fracture propagation;

3. the effects of the different rock properties on the hydraulic and mechanical behaviors of the rock masses; and

4. the comparison of each shut-in pressure calculated by the various proposed methods with the known applied
remote stresses.
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2. The Numerical Model

The numerical analyses were carried out using the program UDEC (Universal Distinct Element Code, Itasca,
1993). UDEC is a commercial program based on the discrete element method (DEM), and the whole model is gen-
erated by a number of distinct blocks, which can be divided into deformable triangular finite difference zones in
UDEC.

Moreover, the deformation of the discontinuous rock masses consists of the elastic and plastic deformation of
blocks of intact rock, together with displacements along and across discontinuities. The blocks were considered to
be elasto-plastic with a Mohr-Coulomb failure criterion and a non-associated flow rule. This allowed the rock
blocks themselves to deform plastically. The discontinuities were assumed to be elasto-plastic with a Coulomb slip
criterion, and they were treated as boundary conditions between blocks, and both large displacements along discon-
tinuities and rotations of blocks were allowed.

UDEC has the capability to perform the analysis of fluid flow through the discontinuities of a system of im-
permeable blocks. A fully coupled mechanical and hydraulic analysis enables us to interpret the relation between
the deformation of rock mass and the hydraulic conductivity of the block system. In this case, flow is governed by
the pressure differential between adjacent domains.

The flow rate is calculated in two different ways, depending on the type of contact of each block. For a corner-
to-edge contact, the flow rate is:

g=-kAp 0))

where k. is a contact permeability factor and Ap is a fluid pressure differential between adjacent domains.

In case of an edge-to-edge contact, the flow rate is given by the following equation using the cubic law of flow
in discontinuities (Witherspoon et al., 1980).

q=-ka’ —A—l]—) )

where £; is a joint permeability factor, a is the contact hydraulic aperture, and / is the contact length.
The hydraulic aperture a is given, in general, by:

a=ay-u, 3)

where qa, is the joint aperture at zero normal stress, and u, is the joint normal displacement which is controlled by
the normal stress and the rock properties. A minimum value, a,., is assumed for the aperture, below which me-
chanical closure does not affect the contact permeability. Where the hydraulic pressure exceeds the normal stress
acting on discontinuities, it is possible to open them so that the aperture is larger than a,. Consequently, a compres-
sive effective stress will cause apertures partly to close while a zero effective stress will allow them to open to a
width greater than a,.

Model geometry and input data

In order to simulate the hydraulic fractures propagating from a wellbore and interpret the normal stress acting
on the hydraulic fractures, a two-dimensional horizontal plane strain section, which is orthogonal to the vertical
wellbore, was used in our numerical models. The modeled area was 10.0 m by 10.0 m, with a wellbore 0.2 m in
diameter as shown in Fig. 1. The outer boundary was considered to be large enough against the boundary effect in
the numerical studies.

In our numerical model, this horizontal plane strain section was assumed subject to the far-field stress regimes.
Consequently, the minor horizontal principal stress S, is acting up-and-down on the model, and the major horizon-
tal principal stress Sy is right-and-left, as shown in Fig. 1. At the same time, the vertical principal stress S, was con-
sidered to be applied normal to the two dimensional model. S, might be neglected in a plane strain numerical model
but was intended to represent a K-value, the ratio of the average horizontal principal stress to the vertical principal
stress. For our entire numerical analyses, S, is set equal to 10 MPa and S, is set equal to 12.5 MPa, which is in-
tended to represent a depth of about 500 m.

To examine the pattern of the induced hydraulic fractures around a wellbore subject to different far-field stress
regimes, Sy was set equal to 1.0, 1.25, or 1.5 times S, for different models. When Sy was set equal to 1.5 times S,
in magnitude, the applied K-value was 1.0, with the condition S, < S, < Sy. The physical parameters used in the
analysis are given in Table 1, which represents the average properties of a limestone.
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10m Table 1. Physical properties used in the numerical analysis.

S, Value Units
i Block property
Density 2600 kg m™
Bulk modulus 15.6 GPa
. . Shear modulus 11.7 GPa
] T & eometant fow e Cohesion 84 MPa
‘O ensile streng . a
S §: 0.2m gH Friction angle 352 degree
Discontinuity property
Joint normal stiffness 70.8 GPam’'
Joint shear stiffness 58.8 GPam’
v Cohesion 284 MPa
T S. Tensile strength 10.0 MPa
Fig. 1. Plan view of modeled zone and applied Friction angle 35.2 degree
boundary condition. Residual aperture 0.020 mm
Zeronormal stress aperture 0.068 mm

Preliminary analysis on different types of joint sets

In general, it has been known that rock masses consist of intact rock and discontinuities such as faults, joints
and bedding planes, and the presence of such discontinuities in rock masses dominates the response of jointed rock
masses to static or dynamic loading (Goodman, 1976; Chen, 1998). For representation of these discontinuities in
numerical modeling, the joints in rock masses are treated as individual elements termed joint elements in the FEM
or BEM. In the FDM, joints in rock masses are treated as slidelines, even though these treatments can only be ap-
plied when the number of joints and their displacements are small. The DEM, on the other hand, was proposed by
Cundall (1971) and specially designed to solve discontinuity problems, and represents a rock mass as an assem-
blage of discrete intact blocks and discontinuities as interfaces between blocks. Blocks can be moved, rotated or
deformed, and the interfaces may be compressed, opened or slipped. Therefore, it can treat non-linearity that may
arise from large displacement, rotation, slip, and separation of the medium.

In our studies, we are concerned about the numerical propagation of the hydraulically induced fractures in rock
masses. Even though the joints in rock masses were not considered in our numerical models, however, it was con-
cluded from the above reasons that a program based on the DEM should be adopted in our numerical studies for
our future researches on the fracture propagation in jointed rock masses.

UDEC represents a rock mass as an assemblage of discrete blocks, and cannot make a new discontinuity except
opening the existing discontinuities between blocks during the numerical simulations. Therefore, the pattern of an
assemblage of blocks should be decided before simulating the hydraulic fractures propagation. This explains that
each discontinuity, which has been generated for the representation of discrete blocks, will be a path for the hydrau-
lic fractures propagation. For this purpose, every discontinuity was glued to each other and had same physical
properties to intact rock blocks.

Fig. 2 shows four different assemblages of blocks used in our numerical models, and shows a possible pattern
of block assemblages. From the different analyses on different block assemblages, it was anticipated which type of
block assemblages is suitable for demonstrating the hydraulic fractures propagation. For all the cases shown in Fig.
2, the physical properties were same as those in Table 1 and the far-field stresses were S,=10 MPa, Sy=15 MPa, and
S,=12.5 MPa, with a constant flow rate of 1 //sec from the wellbore.

As shown in Table 1, the properties for joint cohesion, joint tensile strength, and joint friction angle were set
equal to those of block properties. This means that the entire joint sets in Fig. 2 are glued and used as a path for
fracture propagation in the intact rock masses, as mentioned above.

When the discontinuity geometry was generated in the simple two orthogonal sets as shown in Fig. 2(a), the
hydraulic fractures developed perpendicular to S, from the wellbore in a single line. This might be expected, and
the fracture propagation pattern was too simple to be considered numerically (Fig. 3(a)). Moreover, in case of (b)
and (c) of Fig. 2, the fracture propagation couldn’t show a certain direction (Fig. 3(b) and (c)). The randomly sized
polygonal joint sets shown in Fig. 2(d) were proved to be a most proper discontinuity geometry to investigate the
pattern of hydraulic fractures propagation subject to the different remote stress regimes (Fig. 3(d)). Because the
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case (b) and (c) of Fig. 2 did not show the hydraulic fracture propagation pattern, which should be dominated by
the differential horizontal principal stress. The case (d) showed the almost same results as those from the laboratory
studies of Choi and Lee (1995). They suggested that the hydraulic fractures, generated in the cubic block of 30 x 30

x 30 cm, did not show a straight line and developed to a branch of fractures, not to a single line.
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Fig. 2, Different types of an assemblage of blocks and joints; (a) Simple two orthogonal joint sets, (b) Staggered joint sets, (c)
Two diagonal joint sets, and (d) Randomly sized polygonal joint sets.
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Fig. 3. Hydraulic fracture propagation attitude in the simple two orthogonal joint sets (a), the staggered joint sets (b), the two

diagonal joint sets (c), and the randomly sized polygonal joint sets (d). (Thin lines around wellbore denote the infiltration of
fluid from wellbore, and thick lines denote the hydraulic fractures generated from wellbore)
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Randomly sized polygonal joint geometry with different remote stress regimes

From the preliminary analysis on different discontinuity sets for model geometry, it was decided that the ran-
domly sized polygonal joint geometry is very realistic for simulating the hydraulic fractures propagation. For all the
next numerical modeling, the pressure in the wellbore was traced as a function of the flow-time while the wellbore
was subjected to a constant flow rate.

Fig. 4 shows one of examples obtained from numerical studies. The constant flow rate of 1 I/sec was applied
into the wellbore until the breakdown occurred, and then set to zero after breakdown.

The pressure-time history curve in Fig. 4 shows a traditional breakdown pressure and shut-in pressure. There-
fore, the attempt to validate the several proposed methods for shut-in pressure, under various remote stress regimes
and various rock properties, will be possible using this numerical modeling technique.
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Fig. 4. Pressure-time history curve obtained from numerical analysis.

Different remote stress regimes were applied using the randomly sized polygonal discontinuity sets. Fig. 3(d)
shows hydraulic fracture propagation and fluid infiltration into the rock mass during hydraulic fracturing for the
case of K = 1.0, that is, Sy = 15 MPa applied with the fixed value of S; = 10 MPa and S,= 12.5 MPa. And Fig. §
shows the fracture propagation pattern for the case of K = 0.8 and 0.9, that is, Sy = 10 MPa and Sy = 12.5 MPa, re-
spectively.

Fig. 3(d) and Fig. 5 show different hydraulic fractures propagation and fluid infiltration around the wellbore
under the action of different values of differential stress (Sy—S}).

lSh=-1OMPa ‘SEJOMPa

S, = S. / S.=
-10MPa _ 1-12.5MPa

1 S, 1 S,

(@ (b)
Fig. 5. Hydraulic fracture propagation pattern for different remote stress regimes; (a) S, = Sy = 10 MPa and S, = 12.5 MPa

(K=0.8), (b) S, = 10 MPa and Sy = S, = 12.5 MPa (K=0.9). (Thin lines around wellbore denote the infiltration of fluid from
wellbore, and thick lines denote the hydraulic fractures generated from wellbore).
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When the horizontal stress state was isotropic (Sy= S;= 10 MPa, see Fig. 5(a)), the hydraulic fractures devel-
oped in a radial direction. As the applied differential stress was increased (Fig. 5(b) and Fig. 3(d)), however, the
hydraulic fractures trend sub-normal to S, and the infiltration of the pressurized fluid is great in the direction of S
It reveals that the differential stress plays obviously a critical role in controlling hydraulic fracture propagation
within modeled rock masses. And one can anticipate that this tendency on hydraulic fracture propagation should
rise with the increase of the differential stress.

Comparison of several methods for determination of shut-in pressure

The determination of the shut-in pressure is straightforward when a sharp break is observed in the pressure-
time curve after the initial fast pressure decline following pump shut-off. However, in many situations the pressure
decay is gradual with no obvious breaks or kinks and the shut-in pressure cannot be readily defined. For these rea-
sons, a number of methods have been proposed for estimating the shut-in pressure from pressure-time curves. In
this study, the four most frequently used methods were adopted for comparison.

The first one is the inflection point method, which consists of first drawing a tangent to the pressure versus
time curve following shut-in, proposed by Gronseth & Kry (1983). The second one is the semi-logarithmic repre-
sentation method, proposed by Doe et al. (1983), and the third one is the log-log representation method that was
first suggested by Zoback and Haimson (1982). And the final one is the bilinear pressure decay rate method of
Tunbridge (1989). This method has now become the most popular method for the determination of the shut-in pres-
sure (Lee and Haimson, 1989; Amadei and Stephansson, 1997).

Fig. 6 shows examples for determination of the shut-in pressure from the various methods. In this case, the
calculated shut-in pressure can vary by as much as 9%. For the Basalt Waste Isolation Project in Hanford, Wash-
ington, Aggson and Kim (1987) found that the shut-in pressure (assumed equal to the minimum horizontal stress)
could vary by as much as 4.9 MPa (14%), and for the Aspo nuclear waste disposal project in Sweden, the variation
was about 2.1 MPa (38%) (Amadei and Stephansson, 1997).

The values of the shut-in pressure for different rock properties and different remote stress regimes determined
by the various methods are summarized in Table 2. Analysis of this table reveals that the bilinear decay rate method
gives generally the highest values of shut-in pressure. According to Amadei and Stephansson (1997), the inflection
method gives the highest values, the pressure decay method yields the next largest values, and the intersection
method gives the smallest values of the shut-in pressure. In our analysis, it is revealed that the determination of
shut-in pressure using the various methods shows the same trend as their suggestion, even though the inflection
method was not considered.

Comparing the results from Test 1, 2, and 3, none of the shut-in pressures show the exact minimum horizontal
principal stress applied (S, = 10 MPa). This is indicative of the relative effects of differential stress around the
wellbore. In other words, as can be known in the classic Kirsch solution (Jaeger and Cook, 1979), which defines
the radial and circumferential stress distributions around a cylindrical hole in an infinite isotropic elastic medium
under plane strain conditions, the stresses around a wellbore depend on their point at polar coordinate as well as the
magnitude of far field stresses. From the stress contour map in equilibrium states before hydraulic fractures were
generated, the stress in the direction of x-axis at the wellbore wall, showed 10 MPa equal to the applied far-field
stress. But it shows a gradual increase with radial distance from the wellbore.

According to Zhang et al. (1996 and 1999), the maximum circumferential stress occurs near the wellbore and
is about 1.5 or 1.85 times the far-field stress, and significant stress redistribution occurs within the central area
about 2.5 times the diameter of the wellbore. In our cases, the maximum circumferential stress was about 1.2 or 1.4
times the far-field stress, and the hydraulic fractures have propagated to a considerable distance from the wellbore.
Therefore, the calculated shut-in pressures indicated the stress acting on the whole fracture surfaces.

Nonetheless, the shut-in pressures obtained from the bilinear pressure decay rate method are still the highest
value and exceed the maximum circumferential stress around the wellbore. One should apply careful consideration
in using the bilinear pressure decay rate method for determination of the shut-in pressure, even though this method
is currently the most popular.

From the results of Test 4 and 5, to investigate the effects of cohesion on determination of shut-in pressure, it
reveals that the cohesion value does not affect the magnitude of the shut-in pressure. This situation is same in Test
6 and 7, which are to investigate the effects of tensile strength on determination of shut-in pressure. However, the
different values of joint normal stiffness and joint shear stiffness can affect the shut-in pressure as shown in the re-
sult from Test 8. These parameters simply denote the virtual connection mode between each block; namely, normal
stiffness for spring element and shear stiffness for slide element. As mentioned previously, our model has a number
of discontinuities, but these are not indicative of actual joints. Our discontinuities in model were used only to build
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a numerical model. Therefore, different result from different joint stiffness applied does not have a considerable
meaning. However, when the hydraulic fracture propagation in jointed rock masses is considered for numerical
simulation, the joint normal and shear stiffness on actual joint sets should be applied.
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Fig. 6. Determination of shut-in pressure P; from hydraulic fracturing pressure versus time records: (a) tangent intersection
method, (b) pressure versus log(time) method, (c) log(pressure) versus log(time) method, and (d) bilinear pressure decay rate

method.

Table 2. Values of the shut-in pressure for different rock properties and remote stress regimes, determined by the various

methods.
P (MPa)
Relationship Method Test1 | Test2 | Test3 | Test4 | Test5 | Test6 | Test7 | Test 8
Pvs.t Intersection 11.89 | 12.70 | 12.89 | 12.67 | 12.57 | 13.18 | 1341 |11.14
P vs. log(t) Intersection 12.08 | 12.77 | 13.54 | 13.35 | 13.47 [ 14.14 [ 14.09 | 11.79
Log(P) vs. log(t) Intersection 12.01 | 12.84 | 14.06 | 13.88 [ 13.95 | 14.85 [ 14.81 | 11.93
dP/dt vs. P Bilinear decay rate 11.90 | 13.28 | 15.83 | 16.00 | 15.88 [ 15.51 [ 1544 | 13.18
Mean value 11.97 | 1290 | 14.08 | 13.98 | 13.97 | 1442 | 1444 | 12.01

1) Test1, 2, and 3 are for Sy= 10 MPa, 12.5 MPa, and 15 MPa, respectively. (S, is fixed to 12.5 MPa and S, to 10 MPa, and

rock properties are same to those shown in Table 1)

2) Test4 and 5 are for the various cohesion values. (Double cohesion value in Test 4, and five times cohesion value in Test 5.
The remote stress regimes and the other rock properties are same to the case of Test 3)
3) Test 6 and 7 are for the various tensile strength values. (Double tensile strength value in Test 6, and five times cohesion
value in Test 7. The remote stress regimes and the other rock properties are same to the case of Test 3)
4) Test 8 is the obtained shut-in pressures when the joint normal stiffness and joint shear stiffness were applied as a double

value of Test 3.
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3. Conclusions

Several methods for determination of the shut-in pressure in hydraulic fracturing have been investigated using
the numerical code UDEC.

The results of the numerical analyses have revealed that the differential stresses can play an important role in
propagating the hydraulic fractures and infiltrating the pressured fluid into the rock masses, and the shut-in pressure
obtained from the bilinear pressure decay rate method was larger than that of the other intersection methods.

(1) From the preliminary analysis on different discontinuity geometries in model, it was revealed that the ran-
domly sized polygonal joint geometry is most realistic for hydraulic fracturing, rather than the orthogonal geometry
or the diagonal geometry.

(2) The history of the wellbore pressure during the simulation of hydraulic fracturing showed a traditional hy-
draulic fracturing pressure-time curve, and enabled us to investigate the mechanism of hydraulic fracturing numeri-
cally. The randomly sized polygonal discontinuities were glued to be indicative of the intact rock mass, and opened
and closed by the fluid flow using the hydraulic and mechanic coupling.

(3) The results of the analyses on different remote stress regimes have confirmed that the differential stress
plays a critical role in controlling hydraulic fractures propagation within the intact rock masses; namely, hydraulic
fractures developed in a radial direction when the horizontal stress state was isotropic. As the applied differential
stress was increased, the hydraulic fractures sub-normal to Sy closed more than those sub-normal to S, and the in-
filtration of the pressurized fluid sub-normal to S}, decreased more than those sub-normal to S;.

(4) The shut-in pressures obtained from the bilinear pressure decay rate method were larger than those from the
other intersection methods. Thus care should be taken in using the bilinear pressure decay rate method for determi-
nation of the shut-in pressure, even though this method is currently popular.

(5) The results of numerical studies on different rock properties revealed that the rock properties do not affect
the magnitude of the shut-in pressure.
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