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Abstract : Multi-stage hydraulic fracturing has become common and proved technology to develop tight reservoirs such
as shale for commercial production. Since production performance for shale reservoir highly depends on applied
hydraulic fracture design, it remains a continuous challenge for the industry for improvement. In this study, rate transition
analysis has been performed to estimate fracture geometry by the application of multi-stage hydraulic fracturing and its
effect on production performance in U.S. Eagle Ford shale. The improvement of fracturing design has been derived by
analyzing the relationship between the characteristics of fracture geometry growth and the effect on EUR(Estimated
Ultimate Recovery) by sensitivity analysis. In addition, the uncertainties on both reservoir properties and fracture
distributions have been quantified by the probabilistic rate transient analysis using Monte-Calro simulation.
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Fig. 1. Flow regimes identification in square root time analysis (Anderson, 2015).
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Fig. 2. Contacted hydrocarbon pore volume estimation in flowing material balance (Anderson, 2015).
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Table 1. Multi-stage hydraulic fracturing treatment design
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PAD Well Rate. () Fluid Proppant Primary Fluid
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A-3 90 600 187,327 3,816,260 Slick water
B-1 89 300 181,334 3,573,120 Slick water
B B-2 90 300 178,706 3,590,583 Slick water
B-3 90 300 167,684 3,398,510 Slick water
C-1 90 300 169,961 3,381,940 Slick water
¢ C-2 91 300 168,624 3,348,880 Slick water
D-1 85 300 158,295 4,216,560 Slick water
D D-2 85 300 167,195 4,415,300 Slick water
D-3 88 300 156,091 4,241,560 Slick water
E-1 71 300 109,626 3,621,280 HYBRID
. E-2 69 300 103,064 3,379,920 HYBRID
E-3 66 300 110,585 3,529,650 HYBRID
E-4 69 300 106,571 3,462,530 HYBRID
F-1 50 300 68,680 2,357,330 Linear gel
F F-2 50 300 73,378 2,317,343 Linear gel
F-3 50 300 67,935 2,190,050 Linear gel
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Table 2. Rate transient analysis results

Ak OOIPsy OOIPprainage x Unit EUR
PAD Well
(md"*ft%) (Mstb) (Mstb) (ft) (Pso, Mstb/ft)
A-1 29,316 199.4 281.0 105.6 22.12
A A2 24,968 2132 318.9 109.2 24.60
A3 38,914 181.2 261.8 110.4 25.30
B-1 43,658 4239 809.5 128.5 39.83
B B-2 48,005 5418 883.1 187.1 40.49
B-3 41,165 534.6 801.1 136.8 44.84
C-1 54,977 460.3 6342 93.5 36.68
¢ c-2 31,240 3163 599.1 174.9 47.28
D-1 46,738 4177 1,132.7 161.7 5532
D D-2 80,734 559.5 935.5 185.3 49.81
D-3 39,506 549.9 1,557.5 217.8 70.92
E-1 100,849 641.6 894.4 2417 76.98
E-2 71,399 611.0 885.0 207.1 72.98
. E-3 76,667 491.0 670.4 2125 51.36
E-4 84,912 720.8 827.6 228.1 57.19
F-1 89,663 963.0 1,581.8 250.5 54.10
F F-2 58,782 1051.7 1,803.5 250.1 84.16
F-3 66,562 971.9 2,087.0 282.9 99.50
O] WS ERIEFA O, Fe FA A o8 FESE A g Aeghe 2 g7 A 8 glekgict
A 29 a&g o] S | A] orot 71 JFFS wn] stk jE
™ linear gel ¥} -2 =2 3/ 9] F=YRA= O0IPsrve} Qe 24
OOIPpringge 2] H]E F3 PAD E W Fo} 7o) v o Sutay A 2 t el AFS v Y] P EEEA &
S FYolE Bk W2 MR SRV 9 5 A4S 2 A FEn dder Rtk FYRAY TR 7 A
HEES o 4= SIth o] = ti A gt o] ef- AahulE AAY] A7) 9f 22 =9tk A RIAFE O A8 AR5
o] 2 T A AAE A7 5ol A A Aol eJgk Z2et of) Fet2(shear force) 2} Q17 2](tensile force) O 2 %]-8-5]
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Fig. 15. Diagram of variables for sensitivity analysis.
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Ultimate Recoverable Qil (Msth)
100.000 113.260 128.000
(xe)y 100.296 127.202
ks 104.662 121.228
X 114124 114124
Lgy 113.260 113.909
ky 113.122 113427
Ya 113.260 113.260
(a) Well A-1
Ultimate Recoverable Qil (Msth)
131.000 138.588 146.000
(xr)y 131452 145.715
ky 133.909 143.009
Lsx 138588 138.875
X 138.739 138.739
ki 138.541 138.645
Yy 138,588 138.588
(b) Well A-2
Ultimate Recoverable Qil (Mstb)
126.000 132346 140.000
(x1ly 126.205 139.480
ky 128.441 137.027
% 132323 132.323
Ly 132.346 133.009
ky 132.795 132,910
Ya 132.846 132.846
(c) Well A-3

Fig. 16. Sensitivity analysis for low conductivity wells.
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296.000 311.513 339.000
(xr}y 296.533 326.450
X 338.233 338.233
k; 304.741 317.379
Loy 311513 320.340
ki 311.331 3M1.726
Yy 311.513 31513
(a) Well F-1
Ultimate Recoverable Oil (Mstb)
257.000 268.796 285.000
(xrly 257.612 279.979
X, 284772 284772
ka 262.090 275.032
Lax 268.796 269.775
ky 268.474 269.171
Y, 268.796 268.796
(b) Well F-2
Ultimate Recoverable Oil (Mstb)
394.000 409.547 458.000
X, 457.416 457.416
(%)y 394.435 421.991
Lex 409.547 430.570
ks 405.817 412,457
Ys 403.784 409.947
ki 407.963 411431
(c) Well F-3
Fig. 17. Sensitivity analysis for high conductivity wells.
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Nomenclature

A, : surface area cross sectional to the flow, ft*

B, : formation volume factor for oil, bbl/stb

B, : formation volume factor for oil at initial reservoir
pressure and temperature, bbl/stb

v : y-intercept of pressure normalized rate vs.
sqrt(t) plot, psi/bbl/day

¢ : total compressibility, 1/psi

¢, total initial compressibility, 1/psi

h . formation thickness, ft

k : permeability, md

k,  : permeability of stimulated position in reservoir, md

ky,  : permeability of unstimulated position in reservoir, md

L,, : effective horizontal well length in x-direction, md

m : slope of straight line on pressure normalized rate
vs. sqri(t) plot, psi-day®>/bbl

N, : cumulative oil production, Mstb

n, : number of fractures

p, : rate normalized pressure, psi/bbl/d

p,;  initial pseudo-pressure, psiZ/cp

p,; - flowing wellbore pseudo-pressure, psiZ/ep
@, : normalized cumulative production, stb(MMscf)
q . flow rate, stb/d

q, : normalized flow rate, stb/d
q, : flow rate at time ’t’, stb/d
S . oil saturation, fraction

S0 oA S A AA 677

S, : water saturation, fraction

w

’

: apparent skin factor, dimensionless

~

: time

~~

: end of half slope (linear flow)
. fracture half length, ft

ehs

8
-

: fracture half length in y-direction, ft

—
s
-
N
<

: distance to permeability boundary in x-direction, ft
: half of fracture spacing, ft

: viscosity

F N

: porosity, fraction
¢, : total porosity, fraction
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