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Abstract The characterization of shale micropore structure and micromechanical properties is of great significance to shale gas
reserve evaluation and fracturing plan design. The mechanical properties such as Young's modulus and hardness of the Longmaxi
shale were tested by dot matrix nanoindentation measurements. The characterization of pore structure and the minerals of the
indentation were analyzed by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). We estab-
lished the correlation between mineral composition-nanoindentation topology and the displacement load curve. The influence of
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pore/fracture on nanoindentation was studied by finite element analysis. A method for evaluating shale porosity based on the dis-
placement-load curve is proposed. Mori-Tanaka and dilute methods are used to upscale the results of nanoindentation. The main
conclusions are as follows: The relationship between the pop-in characteristics of the displacement-load curve and the horizontal
pores, mixed pores and vertical pores is clarified, and the elastic modulus of the rock where the horizontal pores are developed
is small. A method for evaluating shale porosity based on the displacement load curve is proposed, and the calculation result is
close to its macroscopic porosity of 2.64%. The Longmaxi shale has strong heterogeneity in its micromechanical properties, with
Young's modulus ranging from 22.5 to 51 GPa, with an average of 41 GPa, and hardness ranging from 0.53 GPa to 2.25 GPa,
with an average of 1.30 GPa. The upscaled calculation value of the dilute method is closer to the uniaxial compression value of
shale. The research results are expected to accurately characterize the pore structure and micromechanical characteristics of shale

and provide basic theory and scientific basis for shale fracturing design.

Keywords

doi: 10.3969/j.issn.2096-1693.2023.05.059
0 5l%

B K IF ZRERHB AR KRR, TUA SR
IR WA T B R, W20 A T i 5
RETEAR SR, 2020 4, FR [ 0TA SR R I b B
TN 1918 /4m®, TUA A7 200 fCm®, [A] b K
32.6%, 3500 m Ly vUA SR IT L L ER AR R 51 5
AR, AP, R T A R
FHARTIA A, VU1 B LR R DUA SR &
HASHoEms, F— 35 S UUE RIS L i BT IR SR
TUA P FLBRRRAE . S AR B AR 3 45 S OGF 9 0
S BRI 2 AR A TR SR L, TURE
JEBCCAE, TR, ARG S el = A e 4 S 5 A
JUIWAE ST NEWORZ Y = VNI 1 et £3 e | S = S 17
FES A RIRGE R T, 15 RS R B R,
AR ke 2, TRMMEAR. i, 515 %
AR TR, rTEE 2, BT A0
FIFHAME . 1 00 S RAE AL AN 00 2 LB R R S5 73
W7 2E P B I SC B, Rk, 9% 0 A L BRUARRAE
FAHUL T 2R BT DUA SR FF A A ) TR R
SR

AR, M B (SEM). R 7R
(FIB), CTHH . JF J1 8 55E (AFM) 1448 K R I8 47
ARAERAE GUABOWAFAE 3 T R o B0tk
HA T, e fmT 18 vk e, mT AR
FDNARTRE TR, REA oM, R
S Wl L SO RN DA A . SEME (v
M AFM RIYK IR IR A BLST )2 R AR RS, I
s 2 AR A S H ARG B, Cheng 5 BVH| I FIBT
FLEN VUAZEE, W ZHE O A 2 IR AR
)2, AR IR AR 53 B AR 2 B4R . Goral
A8 OV FH FIB 4 AR A2 LI 2 148 00U r B I A A AR

shale; rock mechanics; nanoindentation; pore structure; finite element simulates

SHERIRL, JF 3DFTER AN KR AR A Tian 55 70 FH 44
K CTH AR I FLBRES ), 1 AFMAF5E T 00 %
A HUT AR R ZEIE . R T RS R T 1
BRI 9K R R R R 545 0 1 FH 40 K IR
FARWFFE T 00K 2 BRI B2 B 14, O
JH Mori—Tanaka J5 15 52 B % . B9l W1 45 100K DA 44
K IR EUE 3 M A9 . kIR ES 1 ) ARG + 5 3 25,
XI5 U5 R Sk TUA GO RN 72 W7 2250, IR4h
T WA WA £ 78 R [R) LR T 9 5 43 A 38, Luo
AU LA TR IR AT ST 4 BB, BB 4K R R
UK IR SRR . KB K IR AL T BB K K
IRM B B HTAFSE R K 2 h Aok RS T s
SRS R RN RE B (T, IR HGE T F kR 12 S
BOHATVIRR, i A B — 2 AT i 2R T I S AL R
RGBSR, I, AR SCE K IR AR 47 2 Atk
b, WEZES YR IR E R, QTR I T —Fh
ST YK IR B —2 7 I 2T TUAFLIR I 1 ik o
AR SCHE DU I g T B A DA ST G, il
SEM MK IR FE A, 158 5 A L mifLERGE ) . #ii
FRE B SR , TR G BE B (UHOG IS (EDS) o &
AT 72 e o v AR ik, R
IR BRSO . TR R —aR e 2k S kB
GERIRALBR B0 R, R — TR IR
Bo—#faf PN TUAFLBREE i, s gz
I VUA LB . SR A FG A B TSk TR
VUAANRAE, 45 94K IR 52 04 iy T L

1 sEusJiik
1.1 RSk

AR SCEZEG AR E DU 2 R AR B R IR R
Sk U SERIE PR & (TOC) N 3.2%, X H4&AiT



628

AimBlEER 20234510 H S8 EH S

®1 EDZATETYASR

Table 1 Mineral compositions of the Longmaxi shale
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Fig. 1 Typical indentation displacement-load curve
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Fig. 6 Test of mechanical properties of shale in Longmaxi Formation
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element simulations of nanoindentation points classified by

pore structure
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Fig. 10 Sensitivity analysis of the number of indentation
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