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Fracture Height Recession During Shut-in
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dP/dG or GdP/dG

Figure 2-2 G-function plots of different leakoff mechanisms

(Craig et al., 2011)
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[e] - c

A otgfet o] wa FYAEE(fluid efficiency, n)¥ F3 A4 (leakoff
coefficient, C))= AT + Ut

_7GC (2.4)

= Gc-l-4go/7r '
p*  [h, PEN
c=—1
_ Gty (26)
20f

A7NA, €2 FEAF(/Vmin), n FHH FIEE, r,E HAA &
53]

2
Hol F F47h 7bs@ waw wolo wl, b #Y Eol(fh),

= A dol(ft), Ex HAwA A (psi), ¢, fracture compliance

(ft/psi)E& 242t 2ou] gt}

0.008614,/0.01p,

- ¢c,(G,Er,/0.038)"

(2.7)

A7NA, p= FAFALL HEE(ep), p,i= ISIPS FE2HFE ] A
(psi), ¢ = & A=E(psi ), o &35, B S AF(psi)

") g},

i
N
N
N
N,

lo,
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BAel W9E Ak AR Wl Adosin FaRdE e

T8 4 ki A e THFIg. 2-3).

2 P
DPpp = \/TAL, — C}bw(g) ( —¢f erfc(B\/AtD)) (2.8)

kh(p,(t,)— p,(t, + At))

At )= 2.9
Pup(Dtp) 141.2¢Bu (2.9
0.0002637kAt
At = > (2.10)
by’
2
B= (2.11)
7TC}'bcD

A7A, p, = U= (psi), Cpp= FAFY fracture storage &5, BE=

EAAF(RB/STB), k= FAF & (md)S 242 o nl gt}
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Figure 2-3 Example of square-root analysis (Barree et al., 2009)
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Log-Log 1 ZE E3 fF5IH 20| 7Is3sltl. Barree 5(2009)
& At wE gHAH(Ap,,) R FHAS] =3FF(dAp,/d), R =
g (tdAp,/dt) & A Zt FEFEE 545 V1e7E
Table 2-13 #o] AAIstAT. dHAY W21 234 S A&
B A A fFsoldes 717 12, A BAE A

-10] Z+7} Yebdth(Fig. 2-5).

Table 2-1 Log-Log graph characteristic slopes (Barree et al., 2009)

Parameters Before Closure After Closure

. ) . Pseudo Pseudo
Log-Log graph Bilinear Linear Bilinear

linear radial
Ap,s VS. t
d 1/4 1/2 - -
Apawf vs. 1,
dAp, /ot vs. t
-3/4 -1/2 -7/4 -3/2 -2
APl O, VS. 1,
toAp, /ot vs. t
1/4 1/2 -3/4 -1/2 -1
@A Pyl 0t, Vs. 1,
t26prf/6t vs. t
5/4 3/2 1/4 1/2 0
th0 AP/ 0t, VS 1,
_ 16 _



Delta-Pressure and Derivative

.

| BHISIP = 2998 psi ‘]il P
1
]
000
q.
o Radial Flow
100
b -
17
4.#'
8 Fracture Closure
N
10 T TN T T I IIvont T T T T T I oI
0.1 1 10 100

Time (0 = 8.15)

Figure 2-5 Example of Log-Log plot (Barree et al., 2009)
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t
Fp=plnf1+ (2.15)
Vi,
p,([t)—p, = IOt FE=m,Fy, (2.16)
kh i
~~=1251,000 (2.17)
K ch
AN, Fpe WAFRA G, ViE FARAZF0), mye FA FAL
5T 7127 (psi)E 47 vl s},

9200

Pressure

Results
Reservoir Pressure = 747568 psi
Transmissibility, kh/ip = 298,94991 md*ft
kh = 7.94014 md*ft
Pemeability, k = 0.0968 md
Start of Pseudo Radial Time = 2.15 hours

0.6 08 10 12 14 16 18
Radial Flow Time Function

Figure 2-6 Example of radial flow plot (Barree et al., 2009)
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Ov > OHmax * Thmin THmax ® Ov > Chmin THmax * OHmin > Ov

Vertical i‘ i‘

Borehole
OH {
—- max '
Thmin .; |
‘\ T hmin
OHmax
Horizontal
Borehole
CHmax
— \\UHM —
Ohmin

O min\

Figure 2-7 Hydraulic fracture shapes on various stress regimes
(Bobrowsky and Marker, 2018)
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Figure 2-8 Schematic of PKN model (Nordgren, 1972)
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Figure 2-9 Schematic of KGD model
(Geertsma and Klerk, 1969)
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Figure 2-10 Schematic of fluid lag zone (Mao, 2016)
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Figure 2-12 HF & NF interaction experiment results

(Chuprakov et al., 2013)
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Figure 2-13 Uniaxial deformation
(Lee et al., 2016)
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E od91= Horn River 4|9 X3t Ad7tx~ AFH=S oz
g = k. Horn River &A= iUt HElEA] Z&EH]o} HE&5F 94

stH (Fig. 3-1) W2 ¢ 3uink-ofo]7 o] el FEFE 448 Tefol
23k (British Columbia Oil and Gas Commision, 2014)

Fig. 3-2& Horn River ¥4 2] A HH S HoFET fF7]E0] FH3H
Muskwa, Otter Park, Evie & F+2 AAtgAIo 2 Jdsta gloy &
n Fa Ald AFTHe SA4e vlug 23 o Table 3-13 2t

Table 3-1 Characteristics of north america shale gas play

(Canada Energy Regulator, 2011)

Horn Haynes
Parameters . Montney Barnett  Marcellus ]
River ville
1,800- 1,000- 2,000~ 2,500~
Depth (m) 3,000
3,000 3,500 2,600 3,000
Thickness(m) 50-350 300> 15-182 12-275 75
Porosity (%) 2-8 1-6 4-5 10 8-9
TOC(%) 1-8 1-7 45 3-12 0.5-4
Hydrocarbon Wet gas  Wet gas Wet gas  Wet gas
Dry gas
type Dry gas Dry gas Dry gas Dry gas
Natural
Yes Yes Yes Yes Yes
fracture
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Figure 3-1 Map of Horm River Basin and adjacent areas
(A: Location of Horn River Basin, B: Map of Canada, Dong et al., 2017)
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(a) P-impedance (b) S-impedance

(c) Density

Figure 3-3 Mechanical properties from seismic inversion

_41_



Figure 3-4 Distribution of Young’'s modulus

Figure 3-5 Distribution of Poisson’s ratio
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Table 3-2 DFIT analysis results

Parameters Offset 1 Offset 2 Offset 3 Offset 4 Offset 5
ISIP (A Pa) 45.07 51.35 48.56 53.38 49.91
Closure stress
35.34 36.84 36.86 39.27 38.64
(MPa)
Reservoir pressure
28.02 31.64 29.87 33.79 31.46
(MPa)
Net pressure
5.35 6.78 558 6.62 4.73
(MPa)
Permeability (md)  3.7E-03 8.9E-03 5.2E-03 - 1.9E-03
PDL coefficient of
2.3E-04 3.6E-04 1.5E-04 3.0E-04 3.2E-04
leakoff (1/kPa)
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Figure 3-11 Distribution of minimum horizontal stress
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(a) 10m (b) 20m

(c) 30m (d) 40m

(e) 50m

Figure 3-14 Different natural fracture length models

(red lines represent 4 wells in the pad)
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(e) 150m

Figure 3-15 Different natural fracture spacing models

(red lines represent 4 wells in the pad)
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Table 3-3 Input parameters of the shale gas reservoir model

Parameters Known value Uncertain value
(average) (range)
Matrix porosity (%) 3.56 -
Matrix permeability (md) 0.0004 -
Reservoir pressure(AMFa) 31.18 -
Min. horizontal stress(MPa) 39.77 -
Max. horizontal stress direction 45° -
Young's modulus( GPa) 36.54 -
Poisson’s ratio 0.21 -
Natural fracture length(m) - 10-50
Natural fracture spacing(m) - 50-150
Leak off multiplier - 2.38-7.65
Stress anisotropy - 1.0-1.2
~ 58 -
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{ DFIT analysis results ‘ [Seismicattributedatal ‘ Well log data ‘

\ l /

Construct a mechanical earth model
(VIEIVI)

l

- ( Microseismic data
Production data

Calibrate uncertain parameters of MEM

|

l

Simulate fracture propagations &
production estimations for a Pad

l

Verify results & evaluate fracture closure ‘ Microseismic data
. . . ‘_ .
effects on production estimations Production data

l

Suggest a future usage of the proposed
method (i.e Improved pumping schedule)

Figure 4-1 Steps of the proposed workflow
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Figure 4-2 Completion design of a shale gas well
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Figure 4-3 Example of fracture propagation results
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Table 4-1 Actual pumping schedule — Type 1

Injection rate Fluid volume Prop conc. Prop type

(m®/min) (m®) (kg/m®) (mesh)
14 250 - -
14 300 15 100
14 2199 25 100
14 50 35 100
14 50 55 100
14 50 75 100
14 2361 25 40/70
14 60 35 40/70
14 60 55 40/70
14 60 75 40/70
14 100 - -

Table 4-2 Actual pumping schedule - Type II
Injection rate Fluid volume Prop conc. Prop type

(m®/min) (m®) (kg/m®) (mesh)
14 250 - -
14 300 15 100
14 590 35 100
14 500 55 100
14 600 65 100
14 580 75 100
14 860 35 40/70
14 750 55 40/70
14 750 65 40/70
14 200 75 40/70
14 100 - -
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(b) Case 2 (C,/C,=3.7)

(c) Case 3 (C,/C,=5.02) (d) Case 4 (C,/C, =6.33)

(a) Case 5 (C,/C, =7.65)

Figure 4-5 Fracture simulation results of leakoff multiplier cases

(where C, represents initial leakoff and q, represents modified leakoff)
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Figure 4-6 Reservoir simulation results of different leakoff multiplier cases
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(c) Case 3 (oy/0, =1.1) (d) Case 4 (oy/0, =1.15)

(a) Case 5 (oy/o, =1.2)

Figure 4-7 Fracture simulation results of different stress anisotropies
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Stress anisotropy cases
—— Stress anisotropy case1
—— Stress anisotropy case?2
—— Stress anisotropy case3

Stress anisotropy cased
Stress anisotropy case5
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Gas production rate

Date

Figure 4-8 Reservoir simulation results of different stress anisotropies
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(c) Case 3 (30m) (d) Case 4 (40m)

(a) Case 5 (50m)

Figure 4-10 Fracture simulation results of different natural fracture lengths
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NF length cases
—— NF length case1
—— NF length case2
—— NF length case3
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Gas production rate
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Figure 4-11 Reservoir simulation results of different natural fracture lengths

_’74_




1
Gl

d

)
B

4.3.4 A

o

o]

o Adez ehfdn

-

at

=z
= o

e

Fig. 4-12°f A4

o] wj Case 3, 47} "] AXA

= HER

wobd Aatael

ol

HH

=
fi%e)

HFEF O 2 Case 3, 4

=
=

A (Fig. 4-13). ©]

_’75_



(b) Case 2 (75m)

(c) Case 3 (100m) (d) Case 4 (125m)

(a) Case 5 (150m)

Figure 4-12 Fracture simulation results of different natural fracture spacings
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Figure 4-13 Reservoir simulation results of different natural fracture spacings
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Table 4-3 Combinations of uncertain parameters & error estimation

No. Leakoff Stress NF length NF spacing  Error
multiplier  anisotropies (m) (m) (%)

1 5.02 1.1 30 100 5.6
2 5.02 1.1 30 125 6.7
3 5.02 1.1 40 100 6.2
4 5.02 1.1 40 125 5.8
5 5.02 1.1 50 100 7.1
6 5.03 1.1 50 125 5.7
7 6.33 1.1 30 100 7.0
3 6.33 1.1 30 125 115
9 6.33 1.1 40 100 5.9
10 6.33 1.1 40 125 8.7
11 6.33 1.1 50 100 5.8
12 6.33 1.1 50 125 5.9
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Figure 4-16 Fracture simulation results of the pad
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Figure 4-17 Fracture half-length calculation from microseismic

Table 4-4 Fracture geometry comparisons

Avg. fracture half length(m)

Avg. fracture height(m)

Wells Microseismic Simulation Microseismic Simulation
1 504 470 717 84.3
2 421 387 88.8 81.4
3 436 422 83.8 73.7
4 450 396 109.5 80.2
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Figure 4-18 History matched results of tubing head pressures for
Well 1 to 4
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Figure 4-19 History matched results of gas production rates for

Well 1 to 4 without fracture closure effects
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Figure 4-22 History matched results of gas production rates for

Well 1 to 4 with fracture closure effects
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Table 4-5 Suggested pumping schedule
Injection rate Fluid volume Prop conc. Prop type
(m?/min) (m®) (kg/m®) (mesh)
14 250 - -
14 350 15 100
14 1850 35 100
14 150 55 100
14 150 65 100
14 150 75 100
14 2050 35 40/70
14 150 55 40/70
14 150 65 40/70
14 150 75 40/70
14 100 - -
Table 4-6 Dimensionless fracture conductivities variations according to
proppant injection volume
135(ton) 200(ton) 270(ton)
Well 1 105.85 154.17 220.04
Well 2 103.42 157.90 215.86
Well 3 120.15 167.50 201.64
Well 4 106.20 150.06 216.05
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Date
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Date
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Figure 4-23 Pumping schedule effects on cumulative gas productions
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Abstract

Shale gas is characterized by very low permeability so a hydraulic
fracturing technology 1s needed for economic production. As
reservolirs are depleted by production, an effective stress inside the
fracture networks increases resulting in fracture closures. Therefore,
these fracture propagations and closure effects should be considered
for reliable shale gas production estimations.

In this study, an integrated workflow of shale gas production
estimation 1s suggested. It describes fracture propagations and closure
effects of an actual shale gas field. At first, a mechanical earth
model(MEM) is built from seismic attribute, well log, and diagnostic
fracture injection test results. Then the MEM is calibrated with
microseismic measurements and production data obtained in a field.
After conducting a hydraulic fracture simulation of the pad, it is
found that overall fracture geometry created is similar to that of the
microseismic data.

Without closure effects, it seems to overestimate gas productions,
because the initial permeability i1s maintaining unaffected during the
whole production period. To consider fracture closure effects,
pressure—dependent permeability correlations are utilized according to
proppant placements and types. Finally, production estimations of the
pad are reasonably matched to the actual data (error range: 5-8%)
for the 7 years production history without further -calibration of
fracture flow properties.

An improved pumping schedule is suggested using the integrated
workflow. Conserving total amount of fracturing fluid and proppant

used, an improved schedule gives 4.4% increase of cumulative gas
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productions than previous schedules. Based on the concept of
dimensionless fracture conductivity, injecting too much proppant does
not bring increased gas productions.

The suggested workflow has low uncertainty in the estimation of
shale gas productions because it reflects various effects such as
fracture propagations, proppant transport, and fracture closure. Finally,
this workflow could be utilized to evaluate shale assets and derive a

future development plan in shale gas fields.

keywords : DFIT analysis, Mechanical earth modeling, Fracture
propagation simulation, Fracture closure effect, Shale gas

production estimation
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