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A method for determining characteristic pressure parameters during hydraulic fracturing based on

linearized fitting

Abstract: [Objective] Hydraulic fracturing is a fundamental technique for in-situ stress measurement, yet conventional
methods of interpreting the instantaneous shut-in pressure (p;) and reopening pressure (p,) are often sensitive to noise,
strongly subjective, and inadequate for facing nonlinear pressure—time responses. To address the lack of objective, robust,
and high-accuracy identification methods, this study proposes a linearized curve-fitting approach capable of automatically
determining key characteristic pressures from complex fracturing curves. [Methods] The method transforms a nonlinear
pressure-time curve into multiple locally linear segments through polynomial smoothing, adaptive sliding-window
regression, and statistical slope-change detection. Significant slope mutations are used to automatically identify p, during
the shut-in decay stage and p, during the re-pressurization stage. The method is validated using true-triaxial hydraulic
fracturing laboratory tests on granite and field tests at the Jizhou pumped-storage power station (75-277 m depth).
[Results] Across six granite specimens (HF2-HF9), the proposed method consistently produced p, values between those
obtained by the single-tangent and shifted-p, methods, avoiding the low—high systematic bias of the two techniques. For p,,
the method yielded similar or more conservative results than traditional methods, with most absolute deviations <0.40 MPa.
The method demonstrated strong consistency across varying stress states and significantly reduced subjective scatter. The
principal stresses calculated from p, and p, showed physically reasonable trends. The o, errors were <30% in most cases and
the behavior was stable without random jumps, indicating improved objectivity of the automated identification. In the four
tested depth intervals of the LFZKO02 borehole, p, and p, determined by traditional methods exhibited large spreads (e.g., p;
deviations >1.5 MPa and p, deviations up to 0.74 MPa). In contrast, the linearized method consistently produced values
close to the multi-method averages and with much smaller dispersion. For p,, deviations relative to Muskat and derivative
methods were typically <0.20 MPa. Using the automatically identified p, and p,, the derived principal stresses showed a
clear horizontally compressive regime (S;=6.55-9.85 MPa; §,=3.54-6.21 MPa), matching regional stress data and
confirming the reliability of the method in actual field conditions. [Conclusion] The linearized curve-fitting method
effectively overcomes the subjectivity, noise sensitivity, and model-dependence of conventional hydraulic-fracturing
interpretation approaches. This method provides stable, accurate, and repeatable identification of p, and p, in both
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laboratory and field environments and maintains good performance under nonlinear responses, data disturbance, and multi-
cycle loading—unloading conditions. [Significance] This study offers a robust, automated, and universally applicable tool
for interpreting hydraulic-fracturing pressure curves, significantly enhancing the reliability of in-situ stress measurements
and supporting the development of intelligent, standardized stress-testing systems for underground engineering.

Keywords: linearized curve fitting method; reopening pressure (p,); instantaneous shut-in pressure (p,); hydraulic

fracturing; in-situ stress measurement

W B N TRBAEBRARRLDYHEAGESN (p) EEKESN (p) EXHSBWRIEE, Bt
Gk (WmENEE, FHp ZURTH FRHES) EABELREI-HE LT ZXRFETH, #HE
FWMEE, RIEELCENEA, BET —MHETARMNEGN SRR Tk, B LK TR S LB
SUEBAREEAEEA-HE B A HAU AL TREHELER, AAMSBRZENBERTEEG RN p 5
Po BT ERHNEZNEZHAERARL (LKERHF) GREANMAER BTSN (RERE
HI5~27Tm) FHATTRIE, EREW, EUANEFEEp Sp R THEARGNERES R E
M, MRTHRI A%, FHp 2B HFEE, PHRZADHER, EEAFERERS . FEAEHER
B AUHTHEABRANESBKE, ZFTEARRATSHRINNERE., — SRR THE S, £
THEREEERBEAMNE, YAEFHRALWBELE RN SHERFETLATE, EHARFHWIAREL
A A ) A&

KHEIR: BEMNE; EREL; BEREAED; KERE; E A WNE

FES S P3l; P642.3 XHEkFRIREE: A XEHRS: 1006-6616(2025)06—1282—14

DOI: 10.12090/j.issn.1006-6616.2025091

T 37 P 53 B, ARG H50HE o R R, [ B
0 3% i Iy 22 AR I 1A TR B4 A A0 Y 2 R R
89 7 12 a2 Bt A 4 TR 1 (Haimson and Cornet,
2003) . F A H(2012) 35 X T AFIE &0 R
W2k, po B9 H FB 2 7 ¥k 45 W 45 RAFAE — 2 I 22
5, ANEF T 1% AP . Gabry et al.(2024) 3+ X
DFIT(i2 Wi 4 Fe 24 73 A U5 ) B i iF o8 45 i, 2448
P A 3 R Rt B AR Ltk AT Oy, B BUE G V) LRk
FEVA p, F p, B A A 22 , D0 H 550 AT RE 3k 210U
G . A, MERIE R E Ao XM N E e 2
WS 28 — PR W T U, e 07 5 0w 28 S il ik, &
S i e el il R = N N N R T A
(Nadimi et al., 2020) .

WAk, B XS G S B0H T R R IR, 2
FATAE T A LG Bh AL BE | BRSO Ak 5 8 3 S
FoR Ty HCAE T W E R i, Sk AR R R (A
T A 0 MR 22 5 T 3 ds ab 0y 55 ]
B, E R AE (2016) FF & T — 2 Hiu i g 0t il £ ¢
TEAH 22 B AL BAR R, B35 3 T 7 00 45 40 Ak B 1)

K 7 FE AL AE HE & B RS M T IR T &
R AR T BE O T B, e N D L [
Fa s P o b OB R T AR i b R R H
25 5 A 1 FH (95 22 MR 29 2R, 2023) o A b M
T Ao R IR T, K R B 5 R s Ao A
AR 7 i R, AT A EDUR R i L T RAS 2
FRAE (R WA 45 2023) . Mk, R 243080 76 IR 51 3=
JE 3 5 ) DA it I T AT Sk R b R T 3 i R L
BAT R BE M E (=S5, 2021) o

IR R, B2 S (py) - BRET G R )
(p,) FVH 5K & 7 (po) 55 OCHE S 500, 2 52 3L Hh N ) K
T S U 5 24 A T R B A BT 0 B (S SO A
2018; Wu et al., 2020; F2£ % 4x %, 2023 ) . McClure et
al.(2016) 48 . p, 5 & A Bo b 58 B 5 B AH G, p, # H
T HER /N E BT (o), T p, W2 LT 8% BRI
Jeb I B AE, X 22 B B 2 S U RE ) PP AL B OCE
SRMT, 32 4 2 40 14 o A TR0 o S 6 e e M 5 s 3 T

M R IR

LG AR B I i ) ek L Wk 5 5y
Br i a8 3 1850 il 2k L 4 AN B — B S SO () e
po 5 p (R 4, 2012) o X K7 4R 0, 8 H

RORGHERE . 5L F I, 1 BROVE 45 (2024) $2 H 2k T
Khristianovic-Geertsma-De Klerk H i 15 7 ) 22 fiF 4
B TET7 vk, AR T IR AL B 45 R i AR e
P AR B . AR S BOH E Bk R W, E B R SE


https://doi.org/10.12090/j.issn.1006-6616.2025091
https://doi.org/10.12090/j.issn.1006-6616.2025091
https://doi.org/10.12090/j.issn.1006-6616.2025091

1284 ¥R 55 54 https://journal.geomech.ac.cn 2025

(2013) £ XF & 5K & 1 5 BR i P A R 0 i A 2 ¢
F,BE TR TR R U Bl A WA 3% AR B I A
AL, I3 5 = 4R AT BROTHE G o = ZE R o BT Sk T
Bk S (TEAE T, 2003) . Zhang et al.(2025) #2
K KO B I O R A 2
A 7 R 5] i 5K T 5 A B B A D B S R M
5, PR R IE R 7 [) 2R A B py S p 9 A
BE R

RO b R A b 87 g R A AR ) 3 O ik A S s )
FERFAF R 77 0 T AR vh A5 B0 [R) R 5 /Y L ARl
KRB M N S 22 A A R A BB
PR A: BB DL B i 50 1 A A 1 A5 2 P IR 3R 1 5 T
(X)o7, 1998), 3 30K FE B 24 e 24 ih e ) 2 RE 4,
ok R G — W b A 4 e . [ B, 2200 20 e 4
i ARl 2R A SE AL B A (R i oA A 5 A
BRI A5 807 K 3k 2 4 ) oy e e, 2 i 2k b i
R AE 35 A AR AR S B ) AR X py F1 p, 19 TR B Bk
o FEREAEIMAERE ARG TR L. ZWHHY
FA 0T 5 8005 3K 3 DAk 1 15 56 R, X S H0R 50
BRI Ak BN S e ERE T E S
B3R,

BT LR, SRR — R R LA
Jiik, B TR AL G207 TR AE B 4 R 2 i 4 EU ] v i
P ) R 92 i B R e T il 2R 1 22 0 X
et 5o Br g vk A, PN AR R A S, BB
PEW p, 5 p, 5 RS, BA & AR AR b
AT R A P AR 2 L RE T TR —
A AE N R S S A TR T R vk
B E, I8 i 5 1% G007 Ik A X L AR AT, PR AR H A 52
55 TR 5 R AR RS B 5 0 W 77 .

I FEGd R RB

11 ERASHAERELE

TERK RSB, B3R T) (py) . BB &
JE 77 (py) FVE 5K e T (p) & R A AR 1R 53
BEYT AT R 0 G RRAE S8, B B TR
{8 (McClure et al., 2016) . p, 5 5 A BUHL o B & B
AHOE, G 17 pod T TS /N E 0T (ow)
M p 8 LT 8 FRIT Ja iy B (E . 3T E R
A J1 22 i 5 k% 4 19 A i (Haimson and
Cornet, 2003), B p, R T7 5 (A6 RO 21k L &
By Ak L SRR AR W Y p R i

B YL IE R py 55 (R RUE %, 2012), &7
B AE PR N TR A A A S, R T AR S A TR S
Rk —2 % e S5k .

py (BRGRIGIETT)

pr (BRI 7))

) 6 ] A
[ e < s
Jia /ps SR p (&S
7

po HUJZALERIETT)

] ——

Bl KEZRIBPEAE -0 F 8 &KX ®
8% (po. pov p) T EHA

Fig. 1 Schematic diagram of a typical pressure—time curve and key
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Fig.2 Schematic diagrams illustrating the principle of identifying characteristic pressures using the single tangent methode

(a) Identification of the instantaneous shut-in pressure p, during the pressure decline stage; (b) Identification of the reopening pressure p, during

the pressurization stage
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(a) Nonlinear regression fitting based on the Muskat method; (b) The dp/dt—p curve based on the derivative analysis method
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Fig. 6 Schematic diagrams illustrating the principle of identifying characteristic pressures based on the linearized fitting method

(a) The reopening pressure p,; (b) The instantaneous shut-in pressure p,

a; denotes the slope of the i-th data window, i.e., a,, a,, and a; correspond to the slopes of the first, second, and third data windows, respectively.
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Table 1 Loading conditions and injection rate of granite specimens
in hydraulic fracturing laboratory tests
R = o1/MPa o, /MPa o3/MPa /K 3% /(mL/min)

HF2 2.40 0.90 1.80 2.20

HF3 3.60 2.00 1.20 225

HF5 2.40 1.50 0.90 2.30

HF7 4.80 1.80 2.40 2.00

HF8 3.60 1.20 1.80 2.40

HF9 4.80 3.60 2.40 2.10
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Fig. 8 Comparison of granite specimens before and after hydraulic

fracturing
(a) HF2; (b) HF3; (c) HFS; (d) HF7; (e) HFS; (f) HF9
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Fig. 9 Pressure—time curve of the entire hydraulic fracturing process
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x2 BSHFENEERESN (p) SEHFAEESD (p) WER
Table 2 Reopening pressure (p,) and instantaneous shut-in pressure (p,) determined by various methods
kR pUUIEEF/MPa pIUNEE R /MPa
i 2
B FHpid LG LIPS B ERFS SR RMEILE T
HF2 0.91 1.50 1.12 0.86 1.03 0.74 0.68
HF3 1.30 1.67 1.61 1.63 2.02 1.81 1.52
HF5 0.95 1.41 1.78 0.98 1.04 0.74 0.99
HF7 3.83 4.87 4.72 3.70 4.02 3.97 3.57
HF8 1.33 2.02 1.77 1.24 1.43 1.34 1.53
HF9 4.05 5.38 4.68 4.16 4.48 4.48 3.98
6 ] e Pl rp i 22 b Sy 2 AL 5 L S KA 24 0 i 22 3 ] b VP 2 Ry e AL 10 15 S B 48 X i 22
1 PER a [ Sl Fask e
510 ettAbthge i —T0.370 0.035 4| OO SHG T _ 0327 M
vl M| e | O &rkfealank M
: N S | OO -
S4r — ~
= & 3f
o 0000 Lot 0.300 0.193
E2r 0.125 0-095 =
0 o L - - - -
HF2 HF3 HF5 HF7 HF8 HF9 HF2 HF3 HF5 HF7 HF8 HF9
1R ENEETRE

a— 5K JK 7 ps b—WE I A1 & K 77 p.

| 10

MW G EEEGR T I EZ B 4w XA

Fig. 10 Comparison of absolute deviations between the linearized fitting method and the averaged values of the traditional methods

(a) Reopening pressure p;; (b) Instantaneous shut-in pressure p

AR AR R . JCREPLBE A o o BB E I FT 7K
A Al 5 AR G A 2 (A N g W AR A s L 0 g e
), oy BTE 1 N F7 B 22 58 K, {H IR g Be (i

®3 ETHMUBMEETENGRERN (6) MENERES (o) SHBEREENINLERIRE S

HF2, HF3, HF5 i {FE) 5 & . &4k &, %07 ik B0
WG] R R, A Ry
Bl—E S el EE

T SRR E |

Table 3 Comparison and error analysis for the maximum principal stress o, and the minimum principal stress o, calculated with the linearized

fitting method using the experimental preset values

G ot RS R/ MPa o B fE/MPa o fXF IR 2 o TR EE R /MPa oS E (H/MPa o AXT IR
HF2 2.33 2.40 3.00% 0.68 0.90 24.44%
HF3 271 3.60 24.72% 1.52 1.20 26.67%
HF5 1.69 2.40 29.58% 0.99 0.90 10.00%
HF7 6.48 4.80 35.00% 3.57 1.80 98.33%
HF8 3.64 3.60 1.11% 1.53 1.20 27.50%
HF9 5.62 4.80 17.08% 3.98 2.40 65.83%

Li b, RAEALUG T7 iR A Bh oy BeAR U
5 U R U B, AR AR LM TR T — ek ] £
IOL 5 Al S 2V o3 BEEE A, bkt T AR G N TR ad

HOAE A B O 22, 32 T SRR B L S
EE, ARERTE T IR RSB R B, vk 1148
7 T B8 R E I SR BR S T LA A N S
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Fig. 11 Core samples from hydraulic-fracturing test intervals at the

Jizhou Pumped-Storage Power Station, Tianjin
(a) 75.2-79.0 m; (b) 84.0-90.0 m; (c) 124.0-131.0 m; (d)
182.7-189.4 m
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Fig. 12 Pressure-time curve of the hydraulic fracturing test in the LFZK02 borehole at Longtangou, Jizhou, Tianjin field site

R4 WAKEBRRAEFARGEZRMNEKREN (p) SHEIFAEERN (p) HWER

Table 4 Reopening pressure (p,) and instantaneous shut-in pressure (p;) identified by different methods in the hydraulic fracturing field test

R PHIEHE/MPa pHIEEH/MPa
m
- LS TBpiik FEE AN Ak Y1k SRR TR TEE LMl
75.2 1.48 3.16 2.32 2.61 1.07 L11 0.96 1.05 1.09
87.2 247 433 3.40 3.72 2.28 2.39 2.06 2.24 2.12
124.6 3.52 4.92 422 444 3.82 4.22 3.75 3.93 4.33
186.1 3.80 3.51 3.66 329 3.80 3.18 3.20 3.39 3.06
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BUARASBT o 75 p B9, RO ik fn S 3 R
F I AE T 20 D B R A e, LD S PR i . A AR
T, ARG T5 ik B A5 25 2R A 45 I B v B4 4%
T A, HL WS R R o A AE 87.2 m
I B, ARG Tk 1Y p FI A 2.12 MPa,
P {H (3.24 MPa) 22 BE 82/, 1A% 58 07 1 45 AR 1L
By BRI S, ARG Or AU TR
6] 77 ¥k 8] 9 22 5%, T H. 5 2 07 36 F 2 45 1 o O 4%
AT, R B e B — O ARG E T, RS T Al Ty
12 DRl 2 M P N T T 5 S ) e R A 2

W ) T VR AR A TR IR E BEX pe 5 p, B3R 501

R RS EEAMEENmMEMERSHR, |
22 5 1] LUTE MWL EE 2, 2 M Ak LA 1A 4 I B R
RO MBS EMN ., BIKRNE, fEHEKEI p 1)
e, RG2S py 2007 349 22 FlbR
TE 22 A% (43 %1 0.465 MPa H1 0.148 MPa), B i I

THANE; T8 p A

OIS B R RRA R

2 25N CE R 2= 0.130 MPa. 5 22 0.090 MPa),
HiRZW s/, BIERE, &R E&EEZA
W B 4 RE A B b AR 2 45 5, IR B HoAE 2

2% M N7 g PR TT  CRE E H 3E TT AE E, S6E

T HAR R S BRI T B A R

x5 EMUNESESEHEHENEREN (p) SEIHAEGEN (p) REHLER

Table 5 Comparison of the deviations in reopening pressure (p,) and instantaneous shut-in pressure (p;), as determined by various interpretation

methods relative to the linearized fitting method

ZH RONEIRS SE-4 {22/ MPa FrifE 22/ MPa e KW 22/MPa
) Y 0.953 0.282 1.25
FIKIE S (p,)
FEepyids 0.465 0.148 0.61
Y 0.356 0.284 0.740
BRI A 1 () TR 0.130 0.090 0.270
FET: 0.228 0.206 0.580

TELR AL A 78 A5 p, 0 p, W SEAE 1, 3 — 25
TR ) T & W B 5 KAKF 0 71 (Sw) | B
INKEER (S ) URTEEFNJ1(S,) (£6) . M6
AT, W UR B O I A N 4y A B B KO =
ITPANE S L S (1 7 NI = 24\ o S VA B K = K
M 6.55~9.85 MPa Fll 3.54~6.21 MPa, *{k k7,
B R R B I, T N ) S G R A, K
I == 7 D) 2 B 0 sl 1k AR Ak, U I X A
RU KOV R 1 F2 47 1 i F7 R A

W g e T (o K Bl b e 0 ) A B 08 T )
(U & 45, 2007) Ff R R 6 M 1l DX K% B3 4 7 ) %X
P, Ik B S B 283 4%, A Bk iy 283 4]

%= 6
FSy)

BETHMUUEEHTENSRERERSA Cuy Sy

Table 6 Principal stress values Sy, S,, and S, at various depth

intervals calculated based on the linearized curve fitting method

R jio\v, S EE Y] He/ K FER ) BN
~ Sy/MPa Su/MPa S./MPa
75.2 6.55 3.54 5.76
87.2 9.85 6.21 6.62

124.6 8.03 6.19 6.53
186.1 8.93 5.56 597
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Fig. 13 Comparison of regional and measured stresses
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S HXE, B0 T T7 5 AN R IR JE S [R] T
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SRR P RS T, T AR AR
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ZLEE 12 R, Z48E K AT AR I b2 N ) 4%
il R i Sy 2 g AR HAE p-r iR B B 2R BN B B
A AR Ak, 3 — BB A 4F 5 AR % 1 1L D A
B, LA UG B 0 P BEAIL AL R LA (B RITER, 2019)
PN PN S G 5 A S A X L 4G R R 2k
L LA J5 B A p A p, BRI B B B A T )
R TR R RO BT, R R 2D
e B AR PR A5 o 0 G, 7 B L B AN B v p B A
FZEAR T8 0.13 MPa, Bl FAE 5 Iy vk 18 & A2 34 4%
FAF T SRR 22K IR AR, O R AR T
BB L MU A A O AR R R, LS T A
eV RIS . R Ty i 2 P s e E A TR R
Bi. MFZ ke R e A, A
A 1 T A M, R 0 33 T R MR B b 3 L AE
2 W 5 me Ak b N ) I R G R, AE MR T
TS BR N b R B v ) TR RICR S 4R
SR, 2 7 1% 1) S B g FH 358 SR A 52 B0+ R &R
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SRAEH AR, p, B B P 3 3 3 7 5 BT
b3, DT HE 55 A 23 58 AR REAE 5 FLUC, it T A AR v
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5, 2020) , A5 AN 208 B AL PG S 8501 H (Gabry et
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) e Sl 1
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