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Abstract: The mechanical properties of rocks are critically important for the design and analysis of rock mass
engineering. However, under specific conditions—such as core disking due to high in-situ stress, highly jointed
rock masses, and extraterrestrial rock bodies—obtaining standard cylindrical rock specimens that meet
conventional testing requirements can be challenging. To address this issue, this study develops an integrated
prediction framework for estimating the macroscopic mechanical parameters of rocks based on nanoindentation
tests of the constituent minerals. First, nanoindentation is employed to obtain meso-scale mechanical parameters

of rock-forming minerals, including hardness, elastic modulus, and mode-I fracture toughness. The generalized
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means method is then applied to upscale the mineral elastic moduli to the macroscopic elastic modulus of the rock,
demonstrating significantly higher prediction accuracy than traditional homogenization approaches. Second,
leveraging the physical consistency between indentation hardness and uniaxial compressive strength, a multiple
linear regression model incorporating the influence of minerals with varying strength grades is established to
predict the uniaxial compressive strength of rocks, revealing the dominant role of low-strength minerals in
controlling macroscopic strength. Furthermore, by integrating fracture mechanics theory with an equivalent
weighting model, a predictive model for the tensile strength of rocks is formulated based on the mode-I fracture
toughness of minerals. This framework provides an effective approach for the rapid estimation of rock mechanical
parameters under sampling-constrained conditions and, through the introduction of the Hoek-Brown criterion,
establishes a methodological foundation for achieving cross-scale predictions of mechanical parameters from
“rock cuttings nanoindentation-rock core-rock mass”.

Key words: rock mechanics; nanoindentation; hardness; elastic modulus; fracture toughness; uniaxial
compressive strength; tensile strength

First author: LIU Xiuyang (1997 - ), postdoctoral research fellow, is engaged in research on the mesoscopic
mechanical properties of rocks and their characterization methods. E-mail: liuxiuyang20@mails.ucas.ac.cn

*Corresponding author: XU Dingping (1980 - ), research fellow, is engaged in research on risk quantification

and digital twins in deep rock mass engineering. E-mail: dpxu@whrsm.ac.cn

][/

1 3

HERIRICA 1 a1 2 B (e R
FT S SR AL IR ), S TR R E i 5
BTt EEAM . SR, ARG T N R
BRI (N Al S . VGBS R IR e SR}, 7
17 [ b o s s A A A
BUFE, TRGR DIRISEHIRE DR H i m PR #E
BPC L A s I X TE B B A S M)
LN A A R B R AN A SR R 2%
PERIE AR . R “REA RS R (A H AT TR
WRRERSHTT LTk, RETNEELR KNE
WG JIHAEA T RS TRTHR TSI A
BB XA SR S SR S AT T B
3 JkigtedEit. e IR S LR K R
BN

2206 [ AR 2 B L e HLBL T fe o) iz i) T
REETr k. Hokzt AT EE AL 5 T 3R ) e 3
It S B 2 MR geit Aot i, 8
W RATEGRE  FRERRRE . R LB M
AR [ LS R e T B i P2 S ) B ) S i i B
BB SRR S S0 B AR — R AL
RSN BT RUEE T332 JEHE F T RO/ A0 4
FAVEAEBCE A 1 715247y, BRI T R &
MR 2 RS SRR, HAZ O AE T ]

A B R ACRE PIAH BN X3 77 27 Kot (i
X AR T SR AR SR BT A s RURE X3
SRR, ARGESEME R 1SR B
WA FIER T I RIETHER BB A, AL
TR A REREAE, BRI 200 4
sk =658 Al SE P =PIV 329U I ES
%, o R AW E T R e R0, R R I
EN S SRR B sh IR BN R 28 2R e
71, HAANBEEIREE, (AR 2 Hole RS T &
Mo “TBAE” , LZEXMECLELAR, TTRESS 14
B EAGHRTRIMER

SR 2R I s ROBE TN 7 i, IR
B ASEIL “ AL SRS T ST R
FRZ O AE T3 WD AR 1) 0 27 i L T 5 0 2 R
AT, NREIRFAE T IRALA RS “ AR
7 SRS 1R R AR T oK A A
RIVESE AREIRBA A S A =S5 €
EARALRAL TR, W R AR
B K WA I ek, TSR ER AR B A R 40 7
FZH XM ITEHUE B LN R Bl LR AT
ZUCINE .. BTG E NI, PR IR XA
OGP ATEAR KR BRI /N, BN EN AR AT E T L
B TERK,  HL AT FUSORE Fr S B B 1R 2R T Y
Bt RN BARTE, YUK IR BORAERAL
ORI SEEUE A R R VA T
[HEP SR



FasE Fs5 W

WS T KSR S A 25 s R Al 75

TEFETHM 2 H A RN T, ©F
WEFHAT THIPRZE . filtn, 7k RN 50 A
YK e IR ARG 3R AR X0 5 2 S 1) I AW ) 2 2
¥, HRAZETHEMEEIRK Mori-Tanaka 777252
LT AR B A 7 WA A S T, LA SRS
HAEE ST . G. C. Komadja ZEPLE T W A%
YK EIRMIR S Gt BB, iR nl 716X
v ABERRIE S R E VIR 1S5
SiRIiBURSA LR NN MVANGS s sl it E WA RS
PERLE AR (MO R, WE 13T 4l ) 544
PR LI 7 L5 B PR AT, T AR 2R g A
THRrE AR B R E, B HAh S A 9K B IR S
Poont A AL A IIE,  HLR = X TR 5 A A .
SRS, AW CENE TR — 400 ) 2= 5
AR ) 5 2O S E I R, REETE R — A Re ]
I PRI A SRR Bl e R S b R 1Y
ARG, WKL S ARSI R, 1X—
JRIBIR A Y 2 T A ST SR b

BT, ASCETAAT YK E IR L
CRRPERE WAL Je 1 BT PIRE), W T — B e
E A 1 ZHT RETAR &, SCIL T WA P48
MIFAT RBE AR R PR R S
PrhiEE R RGN #E—2h, @it 5l N\ Hoek-
Brown #EN 5 5T 5 BEFR R (GST), AL T “HIE4N
KIEIR - 56 - A7 B RE R R, NIRHL.
5ER Y R A A AR B M AN BORE SRR IR LT B A AR
J1FZ PRV SR AL 18 0 SE @A

2 EXKEREE. F%

2.1 KERMRFEER

YK R A DL fh g 2 8 N AL, (A C
U RARFN 123 2 50 4 WA Rk, DU ai=
A= AL I R N REIRARE R T3, 4 1 o,
Horr, hy, NECORIENBREE o 49K IR A S 7E IR
AR - PRER - EDERIERE A, Sl gy R
FENIREE , st e N 77 5B 1R 1) e (9 s
PP RS S U,

PRE R JRAE R H AT AR R 25

H=P, /A4, (1)

X PoNEBKEIRG G A, RSk 5l 4l
DR, PR Bl IR FE b VA4S 2.

AL A i £ )5 Sk (s v A R B R

SIE:4 P
REL
Zop R ,.
{3 8 R
VATa
’@ /"5@ 1
I h

BT gk Rk 2

Fig.1 Principle of nanoindentation test
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Table 1  Elastic moduli of granite derived from the generalized
means method and uniaxial compression tests(?!]

i1 45 2 (elastic modulus)/GPa R

PrAREEE N - - - /
(granite name) I~ SME P (generalized H 5 £ 451 % (uniaxial (er:/or)

means method) compression test)

Pink lac du Bonnet 70.6 74.2 4.8
Barre 44.8 46.1 2.8
Kapidag Peninsula 45.0 51.2 12.0
Tonalite 449 48.6 7.6
Catalca 45.1 45.1 0.0
Stripa 70.3 69.1 1.3
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Table 2 Mineral composition, equivalent fracture toughness and tensile strength of granites

SCHRE UE7UES ST SERT TUWT R E UL
(references source)  (mineral type) (volume fraction)/% (equivalent mode I fracture toughness)/(MPa * m®%) (rock tensile strength)/MPa
FEES 25
LNV 40
4.20 8.2
X. Huang %5133 RHCH 30
BB 5
VEES 30
LNVl 40
4.59 11.4
H. X. Lan 534 FHCA 30
BB 10
VEES 24.05
LNl 16.95
5 g S 26 [35-36] 3.69 5.76
FHA 55.65
= 335
VEES 40
BfRFEED KA 50 4.20 7.87
= 10
eSS 45.6
A 279
Z= FDB 4.70 11.6
FHCA 28.0
= 6.5
g 21.7
A 46.4
Z. Heng 4539 4.04 8.1
KA 31
BB 0.9
FEES 25.2
M. Lei 2540 KA 61.6 3.64 5.69
= 13.2
VEES 39
A 37
C. E. C. Inga %141 4.51 11.28
FHAA 22
Bk 2
VEES 20
A 28
S. Sha %421 4.19 10.49
FHAA 40
Py 12
PEE 34.7
WA 16.2
JE A3 3.75 6.1
FHAA 384

P 10.7
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A 23
B. Shu %4 EEAEE] 27 4.10 9.2
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AT e F oAt 12
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A 40
T I {45 45) 4.32 8.4
A 20
Bz 10
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2 S 3.9 7.4
EEaEE] 25.8
"z 26
FaED 44
H. Hofmann EKA 21
4.04 7
A RRA 24
= 11
FEED 22
O.K.
KA 73 4.00 7.36
Mahabadi %520)
Bz 5
FaED 30
M. Saadat 1
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A.Taheril*®
= 10
% 27.6
KA 44.7
J. Zhou %4 3.84 7.2
EaEE] 13.8
= 14
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Table 3 Physical and mechanical parameters of rocks and their constituent minerals

F Yy . . e 44K & R (nanoindentation) Bk s 48056 (uniaxial compression test)
(rock i 5 TR _ i £ 1% i ‘
) (No.)  (mineral type) T B (elastic i PUE 5 (compressive PR (clastic
ype) (hardness)/GPa modulus)/GPa strength)/MPa modulus)/GPa
PEE 10.9 86.1 9
Gl KA 2.6 35.9 66 90 31.0
= 1.83 30.2 25
FYE 13.85 97.4 58
G2 KA 8.12 64.2 38 270 45.8
=tk 1.06 39.3 4
Y 14.5 99.3 22
G3 KB 32 75.6 73 147.3 52.0
AR 1.8 37.1 5
Vg 14.5 106.3 40
KA 11.4 100.6 7
G4 171.1 414
BEH 3.2 67.2 40
ERR 1.8 452 13
PEE 9.01 106.7 31.9
R A 6.54 76.7 17.8
G5 KA 5.45 69.9 36.5 180 46.1
BRR 0.94 442 10.8
Azt 5.14 79.3 3
K
Vg 9.01 106.7 30
AR 6.54 76.7 40
G6 200 742
KA 5.45 69.9 20
SPRL: 5.14 79.3 10
Vg 14.5 95.7 44
KA 11.4 73.9 12
G7 220 69.4
AHA 32 88.1 39
BRR 1.8 68.3 5
Vg 10.24 93.9 34
G8 KA 2.96 38 53 132 37.0
Py 1.93 47.8 13
FYE 13.85 96.8 30
G9 KA 8.12 69.5 58 2345 46.9
Bkt 1.06 46.4 12
fANA 12.3 155 17
Vg 12.6 110.9 8
G10 221.4 28.7
e 10.1 94.8 53
Paa 1.5 44.4 22
A[¥E. oA 3.38 33.46 10
VA ML A, BB 1.2 18.16 44 40.9 9.4

i+ 0.59 10.84 46
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492K IR (nanoindentation)

FLH R 4305 (uniaxial compression test)

£1%

(rock type) (No.) (mineral type) % (hardness)/GPa 3R it (elastic modulus)/GPa ﬁ’iffg(f}gj‘;g;e;me Tﬂfﬁfgﬁ?
i 14 107.5 46
e] 9 80 14
Sl 207.5 212
Tt 2 72.5 6
it 1.5 30 34
FisE, HERY 7.5 69.29 36.7
S2 KA. Tika 1.6 54.24 23.8 113 39.2
it 1.09 40.74 39.5
i 11.79 101.6 56.4
TORE Hofi 6.95 125.04 16
S3 207.5 21.2
Tt 3.83 64.61 20.9
it 2.13 53.93 6.7
e HEE. Anf 7.65 85.2 49.7
S4 KA. Tika 2.69 56.49 153 131.2 31.3
Mt 0.83 25.7 35
VAR NI 7R (AN S PRV E) 9.07 71.7 13
S5 KA. Tika 3.28 36.6 35 64.5 17.3
Mt 0.94 20.6 52
o, =27.81f,H, +4.05f H, +6598fH, fg
(R* =0.997) (14) 160 A
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