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by the intermediate principal stress (c.). However, in many traditional rock failure criteria,
the effect of this stress component is either neglected or treated in a simplified manner. The
main objective of this study is to investigate the role of the intermediate principal stress in
rock failure strength and to evaluate the capability of deep learning—based approaches for
predicting the major principal stress at failure (c,) under true triaxial stress conditions. A
comprehensive database comprising approximately 500 true triaxial experimental results
obtained from five different rock types with distinct mechanical properties was employed. In
the proposed model, the intermediate (o) and minor (o) principal stresses, together with the
rock type, were considered as input variables, while the major principal stress at failure (c,)
was defined as the model output. The experimental results indicate that an increase in the
intermediate principal stress has a significant strengthening effect on rock failure resistance.
Moreover, the deep learning model demonstrates high predictive accuracy and a strong
capability in capturing the nonlinear relationships governing rock failure behavior under true
triaxial stress conditions. These findings suggest that the proposed model can be regarded as
a reliable tool for predicting rock failure strength in geotechnical and mining engineering

applications.
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Introduction
Rocks exhibit a more brittle behavior compared to metallic materials, and their failure is

primarily influenced by inherent microcracks, structural heterogeneity, and the prevailing
stress field. Under high-stress conditions, particularly at great depths, the initiation,
propagation, and coalescence of cracks play a decisive role in the rock failure mechanism.
Therefore, a precise understanding of rock failure behavior is essential for the safe and stable
design of underground structures, deep tunnels, storage spaces, and mining projects. As
engineering structures extend deeper, in-situ stress conditions become increasingly complex,
and the assumption of symmetric stresses is no longer valid. Field measurements indicate that
the three principal stresses (o,, 6., 0,) are generally unequal, and their differences intensify
with depth. Under these conditions, rock mechanical behavior and failure strength can
significantly differ from results obtained in conventional triaxial tests, highlighting the need
for investigations under true triaxial stress conditions. Many traditional rock failure criteria,
including the Mohr—Coulomb criterion, neglect the effect of the intermediate principal stress
(0,) and consider failure solely as a function of maximum and minimum principal stresses.
Such simplifications limit the accuracy of predicting rock failure under triaxial stress states.
Consequently, data-driven approaches, particularly deep learning methods, have recently
emerged as powerful tools for modeling complex, nonlinear relationships in rock mechanics.
These approaches enable accurate prediction of the maximum principal stress at failure (o,)
based on true triaxial test data, offering a robust and reliable means to enhance the safety and
performance assessment of underground and geotechnical projects.

Method

In this study, a data-driven deep learning approach was employed to analyze rock failure
behavior under true triaxial stress conditions and to predict the major principal stress at failure
(o1). The dataset consisted of 500 true triaxial test results obtained from five rock types with
different mechanical characteristics, in which the three principal stresses 61, 62, and 63 were
independently applied and measured. These data realistically represent in-situ stress
conditions at depth and allow explicit investigation of the role of the intermediate principal
stress. Prior to model development, the raw experimental data were systematically
preprocessed, including inspection for missing or inconsistent values, removal of unreliable
samples, normalization of input and output variables, and random but controlled partitioning
into training, validation, and testing subsets. The intermediate principal stress (c2) and the
minimum principal stress (c3) were selected as input variables, while the major principal stress
at failure (c1) was defined as the model output. The deep learning model was implemented
using a Sequential artificial neural network in the TensorFlow/Keras framework. The network
architecture consisted of three fully connected hidden layers with ReLU activation functions
and a linear output layer. Model training was performed using the Adam optimizer with the
mean squared error loss function. Model performance was evaluated using MAE, MSE, and
the coefficient of determination (R?), complemented by graphical analyses to assess the
accuracy and stability of the predictions.
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Results

This section presents the results of true triaxial experiments and evaluates the performance of
the deep learning model in predicting the major principal stress at failure (o,) for five different
rock types. Scatter plots of o1 versus 6,, color-coded by o3, indicate a consistent positive and
predominantly nonlinear relationship between the intermediate principal stress and rock
failure strength across all rock types. Increasing o, leads to a systematic increase in load-
bearing capacity, while higher o3 levels further enhance this effect through confining pressure.
Despite differences in geological origin and strength range, the overall mechanical response
under true triaxial stress conditions exhibits a stable and coherent pattern. The predictive
performance of the deep learning model was assessed individually for each rock type. The
close clustering of predicted values around the one-to-one line in the real versus predicted
plots, together with high coefficients of determination, confirms the accuracy and robustness
of the model. Although relatively higher prediction errors were observed for rocks with high
strength and more complex mechanical behavior, such as KTB amphibolite, the model
successfully captured the dominant trends in o: variation and remained reliable from an
engineering perspective. Both graphical and numerical comparisons demonstrate that the
model effectively incorporates the combined influence of the intermediate and minimum
principal stresses in predicting failure strength. Furthermore, the aggregated analysis across
all rock types shows that, despite reduced accuracy compared to single-rock models, the global
model reproduces the general resistance trend satisfactorily. Overall, the results confirm the
strong capability of the proposed deep learning approach to simulate rock failure behavior
under realistic true triaxial stress conditions.

Conclusions

This study investigated rock failure behavior under true triaxial stress conditions with a
particular focus on the influence of the intermediate principal stress (o), and developed a deep
learning—based model to predict the major principal stress at failure (c,). Analysis of true
triaxial experimental data for different rock types revealed a consistent positive and
predominantly nonlinear relationship between o, and o,. The intermediate principal stress
plays a significant role in controlling rock strength and that neglecting its effect, as commonly
assumed in conventional failure criteria, may lead to inaccurate strength predictions. The
experimental observations further showed that increasing the minimum principal stress (c,)
enhances rock strength through confining pressure and contributes to a more stable
mechanical response. Despite differences in lithology, microstructure, and strength range
among the studied rocks, a coherent mechanical trend governed by the combined effects of 62
and o3 was observed under true triaxial loading conditions.
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100
1200 1
10004 g
» L]
8001 - ® % &0
ooy o
¥ © v g
6001 E RS < L a0
%0
Ll ]
4001 .~ 20
- [ ]
w 0. % of
200]- &
i I , ! ] | | °
o 50 100 150 200 250 300
02

S slaaines (5, 2 oaliplol (oaBly (5 jpmatn slatlej] @l 0SS
Cadl,S

ladisel 55, » 2l §ypmedns Slatalejl @S (V) U
WS L Oy Oy Hloged B jo 1y grg5ee ST S
5 S labal, (Siwaule alive wes o Gl O (X,
ol S ol 5o (il (15 g atten ol (15 (lee (oS 8
5 0al Oy args bl carge O (a8l 05l s onalin
S5, b Ll 55 p5 995 oo Ak O YL zghans 1o &g, ol
)L.....ﬁ as AR o0 UL“"" )aYla Oy ¢ O, Lv ‘5’>|5-' 3O Joys
8, i 5 (6,Lid Cueglie aldl )5 (5 ¥ (i 00iiS jgane
ool olad plai oS oo iyl iion (6,00 S0 Coonn 4 S
Skl y S lul Sk S, cSlese (LalS
O llpd ot g CuS1S eSS )18, canlie (ot

Triaxial Test: ol vs 02 colored by o3 for Sand stone

s0
275
L]
2501 w0
. L]
.
. . e | @ (]
2251 L ]
* . .
2001 . $ 0
. . & e “ "
B - B
175 LE P . .
L J ® g0
. * s 2,
L] 20
1501 g8 s "
e
»
nsiog L. L
. 10
. L]
100 1
. .
. .
*
20 40 60 80 100 120 1a0 160
o2

Koo sladigai (53, 2 oadplnl saly (5 jpmatns slo talel qbis ¥ S
9950 CoS15

2 osdpll (Bly (5y5mmenn slagtalesl @l me (F) JSS
20y SaS1, loges &ygon | KTB culguiel sladiges 59,
352 3l Sl mls e o plis O (S, Gl L Oy Lle
ol CnSE Cenglie 5 Sl 5 Oloe (b e 5 Cote ek
L bl 0gd g0 yome Oy 0din]38 iolidl 4 Oy isli8l aS™ slasgSay
wloads 55 ake 35,5 Oy 0y b >y o Gows Or 5YL polie
Joos bl Gl 5 ailraan L8 oaiSiugis 1 S, o5
drosls FasSTy ool .l 565,50 Saw cpl jo Sl s
aals ;o |, KTB cdgubol slezel hB ,lis, ¢ jlal Sl uly

S oo ol s Lyl 25 5l e



124 S 5ms 5 &bl ras (£SOl g, oolitn] b K CanKS Cooglio oo iy

Lol S alizes glsil

Sy (6l Beos (6650L Joo 0 Shas i)l Y-V
).nbLD.A l.u G’j‘j )JOLD.A 9 o £5>Lv))| ‘DLQJBQ Mj.ls.) 9 w‘;
STy o loges ailoads anslae Juo lawg ool cio i
588, olesl o Jaw obley 9 Cds wonds s i Jlie o =3l
Slyoul b bl olulis (K61 g s oo olis 1) b (Sl
QS oo el )81, iy

C8d (g ol o & pgle j0 00l Ll 35 el (Siwawlo gl y
olee 9 (VYIFY) Bllas las Sk a0 o LS | Jow YL
T 5l Gl GV ad o 3o 9 b (Y0 /47) ez Slayye
Sdsisl 5o Joe by Kby mls aiS o0 (e 1) Oy Dl s
(Y Jga ¥ JS0) sis S o) el SO L3,

Real vs Predicted ol (Sand stone)

275 4 o
-
- -
250 -
- .
. -
L)
225 ee
-~ .
e -
o -
200
= e
£
4 . -
B -./'é b
= P
.
- ”
150 ~
b2
12 - -
. | -
100 -
e
100 125 150 175 200 225 250 275
Real o1

(0)) aey ol (A5 o0l sim i 9 (528lg polie SaSTy loged VS
S dusls Ko 6l

S8es Joo do il Sy aals 3929 b cgpgrne ZuS1y 50
Sl VDY llao glas (:Silos yyolie sl 03l @1, gllas
Ol C1APV) b e s b olpen TOV/AY U Sl o
@ 2 5 sbbadlie (b Laly) Jue o5 wis s
(V' Jgazr A J55) 05 (o0 2ledsl

&9y 5 exbplal (2dly (6 jsmetn laglalejl mls () UK

ez 2 Oy (ST Jlased ygon |, pledss Cunglsd slaaises
S92 5l (Sl bl @5 cams oo ol Or (K (ales L Oy
ol eSS Ceagliae 5 Sloo 15 Oloe (b s 5 Cote ik
G, il e olen Oy L3l L Oy Liuliil a5 slassSay
Or 50 b >lg5 ;o Bues citaan Or 5YL polie & yae a5 5p 5
50 diilden [Lid ouuS ol & AT Wgh oo odwlie $5S 5
(Knagey, WS oo anli 1) pless Cumeglys (sl byl Sl
Sl ol omimoplis bli gje (SS9 K5 el S

Triaxial Test: o1 vs 02 colored by o3 for Dolomite

140
1000
%0 120
800 [ L ] 100
¢
’ q
700 - &
. LY ] - 80
g s o0 F 3
6001 oo 8 -
y 89 0 50
( >
500
L
40
400 &
20
300
°
T T T T T T o
o 100 200 300 400 500
2

Koo glodigas (53, » onplonl (saly (6 psmmatn Slagtalesl b £USS
pledes Coaglys

5 Ay Gupmean slagill @l ek e

w3 oo i e (ooled sl Gooe 50k Joe slo 29>
5 1 o Sl 158 5 S Cmglie aiels 43 oglis 3g2g Ly a5
Oygods g den ;5 (0)) acin Lol (15 5 (O) Sle Lol
Oy il Sl alBislesl slologes .ol sanlive L pomus
by Sty ) ot 4351 cits oK aled o Oy il b
2olie (rmcelie Bl o)y (S S 2 SIS Sla Sy
Ol el ailys Jaw 4 aes co Lis Oy odls giu i 9 (o2Slg
WS gl @era (Seair bde o ]y S e W,
Sl 5l Sk he jlade Jo> aosile b (Bolas @595 (reizren



VEe0 ) oyl ¥ 0,90 ¢ y/pas wdigo ,0 i (gl Jto 125

Real vs Predicted ol {Mizuho Trachyte)

(¥ Jodz ) -~
e 7
Real vs Predicted ol (Granite) 400 - L~
1200 - ~“
» -
e g e
-~ z ;-
1000 i 3 300 - 4
. £
> [
s 800 fe’J 200 4 .
&
2 »
£ 600 1»‘. *
o] -
e e : ' - v :
- 100 200 300 400 500
400 L Real o1
-""
o .o 5o s . 0 3 5 . . .
e (0y) gl LSJ"“ GRS 0dl S 9 (5“'9‘3 ﬁéLM sf.\.fl)g )L\,‘u AJL.:
200 450 s00 800 1000 1200 i =S i {
Real o1 gje ST S gl

(G)) adey | S o s Sy 8y polie SussTy jloges.Ve JSi _ . . -
‘ hel ‘f:‘;“‘ ;::’;ﬁ" TS foged Ve 5 eSlee) wlasly il i slallas KTB Colgesial (ol

copo Ll (YFFYIYE Loz Slaye ko 5 YA/AY las glas

Sade ol lis pwwlie o Slos Jowo 35 pledgs Cungles 1y odes yiSu a5 e e olid (+/AVA) Jowe YL jlews s
ol o 0+ O/Y+ Uz Sl o 5 Kike o VYITY Gllae glaz - Sle Cooglae 31 LU Uas 2ol38l 098 oo yumd Jow Lawgs Oy Ol s
CB L1, 0y Ol s Jaw a5 aS oo ol +/AA- Ot o g b J ol bl G685 50 S ol (SOl L8 Sausen o YU
B8y 50 4S5 (Sl logiis plajen S5 008 i Yo (Dbl sletel BB (qwaige Baps 5l Glizmes Joo (S 0 Shee
(Y Jaaz V) JS8) cwl ooy Bld asly )57 S () (Soglie (Y Jgo A S0) 098 o0

Real vs Predicted ol (Amphibolite)

Real vs Predicted o1 (Dolomite) oo Pl
4 - -
1000 e 1200 4 L= ®
vs’ ;‘
e - “' 1000 - /-
i .
800 1 < - E P
/.(." é 800 ’r’

= - = -
*; 700 . ; g "
5; s00 "3' eoe ,”.
= < 2

500 - 400 =

-~ RS
400 - Py
-~ 200 4=
300 -’/’ - ZII)U qI'I)D 6[‘)0 SCIFD lD‘Ul} lZ'DCI 14IDCI
Real ol
JOIU 460 bDID 660 JO-D &60 960 ].DIUD
Real ol
- . H - . . . . & . al » - . &
(0)) dipdey shol (15 ol Syt 9 (o28lg yolie SuuSTy Jloged VY S (0)) dineny ol (5 00 Sy 9 (oo8ly poliie (SuST jloges 4SS
fLQ.IjQ &:A.:.A,J,d Kw L5|ﬁ KTB Cae.!},.:.n.a‘ S 6‘1.1

S50l Jaw a5 sas ooyl oK pled Jolds  ornazss Juloo Slade .l oals Glad 1) g5 0,Sles (e Joe sl S 0
ot lbKiw Caglie S U3, olesil j0 omlie Uy Gaoe ol VIOIAA Loz Slayye (1:50ke 9 VAFA 3llas gllas (.55l
Sl IFFA S et oo 0l adly (6 pgmmean i bl 380 (Gt 5o Jae YL ol Sl /A0 el oo b

69335 &8 yiie Jansgi Oy Do 5l gz i B o a5l )]



126

S5 5 o] e (SOl g, T oolitl b S S Ceaglie oy

Q...S.ZCMSLEA e&ﬂ&,@lsﬁem 4....3&‘ Y-y

golie (Baoe (oS0l Joo Como g S wyp slp
L (0)) ainn ol il Glp omas a0 lawgd 00l gus i
95 Jol Judow o awslie aBly (s 9mmedm iulosl slaosls
M.HS )é OMQS""’W 9 (5‘5‘3 ).nbLa.a S Ml&n JS‘ ‘.)9..' s>
Jolis Jgla 5l eslaul b (goue annlin pgo 5 ok slologal
Joe st 5 oKisle] olie

S dwlo Ko N-Y-Y

Slaiga sl Oy 0ud cioyiom 9 (28lg polie iodad jloges
Joe awgs ouds  Smion el 0als 1TV Y) S 50 Sawanle

Sail LS 5 wjls pzg JB Sliges 8ly sbrosls b
ol odaline VY o ¥ sledises jo Sy WS 5 don dn
Cowrosls b FasSTy L Siw S8 oSeal 5l 56 aS

Ordered Real vs Predicted o1 (Sand stone)

~
vy
>

{ -~ Real 0l /A
Predicted 01

~ N
N )
& =

—
jay
>

Maximum Principal Stress ol
~
=
=

s
=]
k=

100 4

=
o
o

T T T T T T
0 5 10 15 20 25 30
Sample Index (Ordered by Real 01)

S 61y (0)) Sy Cunglite il S stons 9 (o28lg polie dulie N Y JSS
Siwwdwle

Joe a5 s oo las (F) Jou jo0 Sw ol go0e anlis
50y & S |, Oy &l s g5 g ools il onlie s cim i
5998 5 5y Slyad S ) ol 03,5 W53k (g5 4 O
Sl cnl JolB poae oSl a5 wao oo L g AiS e 0l ]y Joe
A5 g lwand slazel BB cds L) Sivanle el (Sl

A Cad 2B J1alS 068 oo (e S £93 5 Oy « Oy Julls
S, S £ 3ol g Conl b S o slioe slo Jo
5o Oyl S Joke 500 adgi ik 93 4 Canglie Ol sy IS

Y

Real vs Predicted o1 (All Rocks)

1400 4

Cd
P
1200 L 3 o,
[ Y ] L
%
7 [
1000 4 e ‘o P g0
e
* o o 0o
o %% "
B © e o,
g 8001 b ,-’.a.
g o Py
5 L]
B ' -~ '. L »
& 600 % ke s e
') s e - . °
o> - %% o
‘ ]
400 4 ,," - ©°
()
L oi.
- ol
200 e
E
v
200 400 600 800 000 1200
Real 01

(0)) diden ol 25 00l i sty 9 (28ly polie  SuuSTy Jloges VY IS

280 o0 (LS O odd iy 9 (o8lg polie dunlie (S joboay
Sl ,L8, Lo jhie slacSin sl o8 oo S0k Joe &S
SIS L8, el o8 pp g 0,lo YU B glaie Jeglie g CS eSS
By Grpredn 25 llyd cod ) biSiw 5l las e
il s bl dnngs Jow 45 0iS oo 9l gl ol 08 ia i
lo S SLlSe )8, (g3l 5 Jelod sl 50,5 5 pime

Jao 3 Skee ol ) s ¥ Jpar

R MSE MAE I
JRY |YOeRs | oAYsY S ansle
JAFY | OYOYAY | VRO | smgpecaSTs
AV | YPEYIYE | YAUAY | KTB Colgmiel
<290 | VYOAA | Va¥A ORIR
<A | beaY- WY | plyisscanslss
JEOY | YVESYOF | VRO AP | K ads




VFe0 O)Lo.ai} Ay 0,99 ‘L}W‘;‘”’W}" M)M J)[w",/‘-u

127

Gl Ceoglie ooy 50 Jae slezel LB g Lol o Slee Sl

dwle S 50 oid on st 9 o28lg (0)) dicion Lol 25 duslie ¥ oo

AL 950 CeS1 5 S
ol s kol s | Sl Lol ps b pgSlas Lol ps
S )3 08 1 9 (g (01) Ay (Slol (A5 Aglie D oz Jolao e oales (sEyian oot
989500 oS5 ) a1 Voq Ny
kol s ol s | Slas Lol s | asid aslas Lol b A £ YWY VYA
Jola e oieles] (Fyia oot

A A Yo AR

VO VO Vay Vaf
A ya \YY AR

Y. Y. Yoy Yo-
VO 7Y VPO Vo4

O 0o ARA1 Y0
VO v \PA VPO

o af Yy Yyv
Y- b YAD VAY

O Yy Yo Yev
Y A \ay YAY

g 2 ¥ra ¥ra
i $ YYf YO

z 1) Yas YTV

g yra f-¥ A

92950 CoS |5 Ko Y-Y-Y
Yo Yo Y50 YAY
2o oo LS (V) S0 5o (el jloged egg5me <oST5 sl

KTB culgumial Kiw Y-Y-Y
oads &31,1 (V0) JSs ,0 KTB C,u.]w] Gl Glawlie Jloges
polie 4y bgse bohs (o ol YL Caglio 4y axgi b ol

aited Gelate Ko0Ss Loy (a8ly g 0sd i

Ordered Real vs Predicted o1 (Amphibolite)

1400 1 —— Real 01
Predicted o1 /

,_.
]
=1
=1

N

1000

=)
=]
5

Maximum Principal Stress ol
@
S
3
R
%

=
=]
S

N
=1
S

T T T T T T T
0 5 10 15 20 25 30
Sample Index (Ordered by Real 01)

S ‘5‘).3 (6‘) CanSll A:AA,G.A °A‘:’L5L3'30:‘¢'3 9 ‘5I§|3 ﬁob“u 4...4~L5.a \OJS.':J

KTB coJguiiol

Cowl Al Jow a5 e o Lis (F) Jgoo ;o gode anslis
L ebdige 0 Bz S o 1) Oy Olpess sdes oo
J...L?u u." 09..»‘5‘0 o..\.bl.m.n 605 (5“'”" ;9)1..?‘ sYlJ )L».......: WSLM

oals bl .u5,ls T oy b.élj solae b Jow slo gimion a5
Al odslive S BWSINVE 5V sladiges

Ordered Real vs Predicted o1 (Mizuho Trachyte)

500 4 —— Real 0l - . |
Predicted o1
-
o
g 400 &
2 P ot
§ o ——
T
3 -/.—/—_k
£ 300 4 /
=
o
E
g
5 200
]
z
100 4
T T T T T T T T
0.0 25 5.0 15 10.0 125 15.0 17.5 20.0

Sample Index (Ordered by Real 01)
Ko ‘5‘).‘ ©,) S \:A.‘jl.aﬂ om‘ﬁ&ﬁ‘ 9 ‘513‘5 )g‘QLE.n A.Anilid \fdg.:a
$gje CuSTS

Qg aiwilyd Jaw 45w o lis (B0) Jeuz 0 goue yolas

bl aiS Jlss o9 4 Oy 5Oy 4 axgi L1, 0y &l s



128

S5 5 o] e (SOl g, T oolitl b S S Ceaglie oy

Joe a5 S e ..\i.,b (¥ Jgoz) S oyl &0 gy o (g00e Jgu
HE8, 9 08 gilwancs YU e <o L, 0y Ol s wig,y asudles
wled adegisb 1) el 7 San g ,lsl P WHL VY

Sy (it 4 ol aiilanwys uae a5 45 WS e a0l

Lol (G55 50 Sow (nl polie g ooz (Sl

S 50 0l St it 9 88lg (0)) Aty (ol a5 auglin F oo

KTB coJginl

S ) 00D iy 9 (5289 (01) b (ol (i3 dylin ¥ Jgorr ol 25 | (el s | Sl ol s | e Sl ol s
WK 4 Sl e oalesl Eyas orac
ol 15 | ol 25 | e ol 25 | o 5l ol 25 ' ™ vy
ol Sk ohales Fyuas opas Y- YA FYY FYF
Yo Yre 5. 5 vy cas
A- Yy YY$ 5 Y44 AYA AYY
Y ¥ YA Yor 5 138 M AYD
Y ) Y00 s 5 eV AAY 214
Y- Y fr 70 5 100 VD vag
Y 5 N DAY Voo YFA 1%2 aff
YA YA #Y- 14 Voo A AQY A%D
5 % AV A-$
5 2% AYY AYY Sl S S F-F-F

pleded Conglgs i H-V-Y
oads SLIAV) JS& 50 (ks jloges pledes Coegles sl
sty BB Gligen o28ly slaosls b ool gomjin bla .ol

A odalin YL i b olbdises 1o Lo el 5 aiyls

Ordered Real vs Predicted o1 (Dolomite)

1000 | &= Realol e
Predicted o1 ’./

g 900 g o
-

800 =
= y:
R
H e 7 ad
T 6004 P ——
a o -
E 500
N
H /
2 400 4 f

300 4 /

¢
0 5 10 15 20 25 30 35

Sample Index (Ordered by Real 01)
Ko ‘5‘)9 ©,) CanS &:AA,LB.A °‘A‘zg5;'t'fg}:“.f'$ 9 ‘513‘3 ﬁdLﬁ.a 4.»..3_&.4 \VJ&.’.’:
pledgd Coaglyd

ool (VF) S jo audai loges woudl S o
3O s> el @5‘5 soslo b ol St polae Suop il
A Jod BB g Sl el Y cwglas b olbdigal

Ordered Real vs Predicted o1 (Granite)

1200 1 —a~ Real 01
Predicted 01 F/"‘"
a
® (
2 1000 4 .,'/
g /
n L f
= 800 ] e
2 <
g /
= o
& 6004 e
E pore o i
£ /
5 004 7
: /p—""'. T
2001—¥
T T T T T u T
0 5 10 15 20 25 3

Sample Index (Ordered by Real 01)
Ko 6‘1.\ ((A)) CanSh c,a,LE... °A‘:t5:"«'5'~'u:‘f"; 9 ‘.;lj" ).laLZu 4....;LEA \?JS.::
cuslF



VFe0 O)Lo.ai} Ay 0,99 ‘L}W‘;‘”’W}" M)M J)[w",/‘-u

129

S dule 6l L Gy 1 Gloo (5 550 w0 )0 (xSlee A Jgur

iyl Jaw a5 aao oo plid (A Jguz) S ol oo Jgu

) ) S ol (6)lad Cuaglin po 1) 4S5 Sloo sl i Hlojen S
ol fi:“‘*“”' pd fii‘"“”' o "‘i:: o= oled e 30 1, Gy St g S Ll wiliy S
02 = 03 0 # 03 ! S 33 00 sl sing § (g (6)) Awidun Lol L5 duolin A Jgax
10 \ 5 AR iy Canglys
Y \ A TAZAR
ol 5 | hol 15 | oo ol 15 | 45 15T ol 5
Y ) v 116 Jil e il (Fyeae o
T \ A ANIAYS Yoy 14
Yo ) o A
050 51 Or Ll b eSilo (Ve Jgiz) sgsee cuST5 o £ £ £AA £AS
TANY 51 lase b oyl gogro Lol mudle (gaig, ( JSwliglS Vo + £0 £ OFA NG
Slael ipl o5 (FasSly wy o0 Or=Vr ) UY-N 4 (Or=Y0) AD yr Y¥Y vo-
1 Oy )...:b S ol 0 a8 el 1) S (LY LA s90>) £ VAY svq SEY
B9l oo odnlin O Hlade iol38l 50 Ny sve SYY
$0 YA 2\ vy§
9o a1 Sln b Oy p Gloo A5 23l s s (Sl N+ Joor
V-0 V-0 £Va VO
plal slagtalesl | plol slagtalesl | (25 236 oy (Sils
7 b os b os ™ Glises slocKiv ;0 6y p Sho ias 3G F-Y
0 =0 0y # 03 2 2 i 5 (O) Glee 5 8l sl e jslate
Yo \ \d JAYNAS @ G O u*“‘ﬁ‘ KR u&u (Gy#OCy) (b Lyl
7 ) 4 FYNA Or ooisS jgpame il ) mhaw ,» lp Or=0y &le >
Yo \ 4 JARVIN Jolis Ko &5 z= $lyp Sl ol C-‘L-’ .d-g,o,f Ao
Voo ) o ARA Canglgd g cuil S KTB cdgaial gpgpe cuSly o Swanle

sanlice 5 poglate Hd, (V) Jgoz) KTB cdgaial jo 0yl
Jode Sl 4 L5t Sl (JSbokS O s 0eb o
G5 S ol ol Gl caiaslis a5 oy o LFYIY
VO 4 O ulidl b el 5l sl s oogaome o Sl

Sy oo VIV @ Sloe i 58U JISubelS

el 00 ALY B A Jolas o alegg
OeSiles a2 ool 1) Siwawle a3 bgype mls 4 Jgo

R E ORI VARY) & SR UM NI o MLV S IR
Or=Y- 0.0l o0 S5 7Y/A0 & Jlade cpl (JSWLsLS Y 403
RPN I VA ML VPV COW N K ¢

JSulskS Or=F+ 5 Oy Wb Sl Svanls o alpls
3500 s 4 cas ,qb Bl yolae Wiz 2 050 oo odnlice
b el Sae 3l ol 9939 Lol (/A 3905 2STas) ol y2eS
Aol S JiSle g uiz



130

S5 5 o] e (SOl g, T oolitl b S S Ceaglie oy

pledsd Cueglys 512 L Oy » Gloo (A5 236 s )0 (2 Slee Y Joor

KTB Colgesial sl b Oy 1 Gloe (25 586 o )0 5:Kles NV Jgor

pll slagtalasl | pll slagtalesl | 5 b wio o (Sl plovl Glagtalesl | plml glagialesl | s 3 woys (Sileo

3 b oo b oo ™ % L oad L oad e
0, = 03 0, #* 03 (221 0y = 03 g, #+ 03 o1

Yo \ 2 AL Y. 3 0 YARNAY
£ \ y IYVID Yo 3 q VANZG!
£ \ 5 ARV Ve 3 A JAVIV
AD \ 5 VARYAS Vo 3 q YAZAx
Vo0 ) y ARIA
1Yo \ v /XY 5 e Sls a3 oo plis |y cil S 4 bgyye @l VY Jgos

32 S i b 1STas a5 ams e lad lagiolejl opl b
A3 oo 7y JSwlghS Yo 5l 2eS 0uiiS jgame (sla il o3guze

D5 crge |y Cuaglie il 70+ 5l i B wiles o0

SrSams ¥
G Lyl o K e Canglive d, llie (ol o
390 (O) (Slbeo (bl (s (2 2 039 35 505 L (528l (5970t
ot Slr Geee 650k (e e S 9 Z35 )13 () 0
59 00l ploeil (Gl sy b ad 00ls dangi (0)) aien ol 15
el bl B 5 gl i oy
ST« Stwanls Jolt anllls o0 sloSin sls ,o ()
labaly pleigd Cueglsd 5 CoilS  KTBEuSgriol o935
Oy ek 4l (nl )0 3929 Oy 5 O plee (o e
Conglie Gl o (6 55e i (Sl (i3 oS el o Sike
e Klg o o] 18 ,Feuol g oS o iyl e cnSis
23,5 S Cunglie (Bl 05 4
Ol a8 wms e Ol (izmes (pRELT s Jlos (F
AleosisS jgama Jlid Jloel 3yl 5l (Or) aeS’ Lol 25
Gl s 5 8,10 oK (6, b s s (SloniiS a5
8l o G5 Glanglis w2 b ogd e S 5y IS

356 (5 6o dacSin taglie atals g owlidiiran) Like

YA 5Or=Y+ o .l LFFIA il JISalyshS Or=Y s Slos i

039058 13 Ly § sy 0 VAN 5 XYY 4y o &y JISly LS
D9l o8 CoS AV B /NN 050 o JulglS Ve e b Or=F

S gl b Gy Gloe (25 530w s (uSile NY Jpor

O3

plowl slatales]

plowl slatales]

G5 36 eys pSile

e e 2 sl
0, = 03 0, # 03 ]

\ \ 0 ATl

Y- \ A ARTA
YA \ v LAY
#e ) ¥ AN
vy \ ¥ ARA
Ve \ ) AN

Olee a5 ams o lis Wosls (VY Jgaz) plades Camglgs o
b s 5 0332 1¥0 plp JEliskS Or=Y0 o Gloo i il
BV e olonlos s 0l apdle oialS Wy, O a5l
il ol Sae JSKlslS £ 51 VL glais e LYY
ASb baiged SXeal b ool 13 SausTy,




YE0 O)Lo.ai} Ay 0,99 Ld/)'o.c‘;w»u.e,OJJ 4—¢-9)~M-’ c{)[w",/‘-l"

131

engineering practice," in Proc. Int. Symp. on Rock
Joints, Loen, Norway, 1990, pp. 603-610.

[6] F. D. Patton, "Multiple modes of shear failure in
rock," in Proc. Ist Congr. Int. Soc. Rock Mech.,
Lisbon, Portugal, 1966, vol. 1, pp. 509-513.

[7] N. R. Barton, "Review of a new shear strength
criterion for rock joints," Eng. Geol. Journal, vol. 7,
no. 4, pp. 287-332, 1973.

[8] E. Hoek and E. T. Brown, Underground
Excavations in Rock. London, UK: Instn Min.
Metall, 1980.

[9] G. Yin, M. Li, J. G. Wang, J. Xu, and W. Li,
"Mechanical behavior and permeability evolution of
gas infiltrated coals during protective layer mining,"
Int. J. Rock Mech. Min. Sci., vol. 80, pp. 292-301,
2015.

[10] M. Li, G. Yin, J. Xu, W. Li, Z. Song, and C. Jiang,
"A novel true triaxial apparatus to study the
geomechanical and fluid flow aspects of energy
exploitations in geological formations," Rock Mech.
Rock Eng., vol. 49, pp. 46474659, 2016.

[11] S. L. Chen and Y. N. Abousleiman, "Wellbore
stability analysis using strain hardening and/or
softening plasticity models," Int. J. Rock Mech. Min.
Sci., vol. 93, pp. 260-268, 2017.

[12] S. Rukhaiyar and N. K. Samadhiya, "Strength
behaviour of sandstone subjected to polyaxial state
of stress," Int. J. Min. Sci. Technol., vol. 27, pp. 889—
897, 2017.

[13] S. Rukhaiyar, G. Sajwan, and N. K. Samadhiya,
"Strength behavior of plain cement concrete
subjected to true triaxial compression," Can. J. Civ.
Eng., vol. 45, pp. 179—-196, 2018.

[14] Y. Chen, J. Xu, S. Peng, F. Yan, and C. Fan, "A
Gas—Solid—-Liquid Coupling Model of Coal Seams
and the Optimization of Gas Drainage Boreholes,"
Energies, vol. 11, p. 560, 2018.

[15] B. Jiang, S. Gu, L. Wang, G. Zhang, and W. Li,
"Strain burst process of marble in tunnel-excavation-
induced stress path considering intermediate
principal stress," J. Rock Mech. Geotech. Eng., 2019.

[16] H. Gao, D. Zhang, J. Lu, G. Yin, and M. Wu,
"Experimental study on influence of intermediate
principal stress on the permeability of sandstone,”
Rock Mech. Rock Eng., 2020.

[17] Z. Wang and Q. Liu, "Failure criterion for soft
rocks considering intermediate principal stress," Int.
J. Rock Mech. Min. Sci., 2021.

Sl a5 0l caslice diges den ;3 Oy 5 Oy 9 O lojen

Sogrmedn A5 Lyl o pomanie (S W) S5 392
ol 28lg

5 oz aily, (nl Wlg oo aBbaswys Gros xS0k Joo (F

il den o s bl 5 S Sl Caglin s 8

5 Shae )| 55 il VL 285 1 5 mm 4 ales]
polie a5 ol las AlBlas O got K 2 gl Jow
oyl ikl slaools b powlio @il Oy oo S i
3 4,51 oS e anl ) Joe gyl s cds YL R?
aile Joduzmn Sl JlE, 5 b Cueslie b slaSen
Joe Ll cclls pond iol3dl Uas ol50 KTB o garial
1Oy Sl b W6 5 b 458 anogs 3rm 5,50k
P9 (St S0 &
Ay Ceoglis 75 JB B (O Gl 25 Ll (F
b 4 6l s )l gz 200 S 55 0 (OY)
3 56 o yien ol atadly Siw g9 5 (Or) dieS S

B9 o oddlive JwlelS Yo 5l S Oy

&b

[1] H. Yu, A. D. T. Faras Al Balushi, and H. Wang,
"Machine learning for rock mechanics problems; an
insight," Frontiers, vol. 17, 2022.

[2] Z. Zheng, R. L. Pengzhi Pan, J. Qi, G. Su, and H.
Zheng, "Shear failure behaviors and degradation
mechanical model of rock mass under true triaxial
multi-level loading and unloading shear tests,"
Elsevier, vol. 24, 2024.

[3] H. Xie, J. L. Cunbao Li, M. Li, and M. Gao,
"Experimental study on the mechanical and failure
behaviors of deep rock subjected to true triaxial
stress: A review," Elsevier, 2022.

[4] H. Li, L. P. Zhenjiang You, and D. Smeulders,
"Stress-dependent  instantaneous cohesion and
friction angle for the Mohr—Coulomb criterion,"
Elsevier, vol. 16, 2024.

[5] N. R. Barton and S. C. Bandis, "Review of
predictive capabilities of JRC-JCS model in



132

S5 5 o] e (SOl g, T oolitl b S S Ceaglie oy

[18] W. You, F. Dai, Y. Liu, H. Du, and R. Jiang,
"Investigation of the influence of intermediate
principal stress on the dynamic responses of rocks
subjected to true triaxial stress state," Rock Mech.
Rock Eng., 2021.

[19] F. Wang, X. T. Feng, Y. Zhou, and X. Yu,
"Experimental study on failure evolution mechanism
of clastic rock considering cementation and
intermediate principal stress," Rock Mech. Rock
Eng., 2022.

5 Erman sras 4D 5 Slas awglior (solol o 5 (5 sedae [ V]
CeSs Gl G5 (St 9 Silede )0 b 5 S

AFY el ST ST olEils el gl IS asli il €S

[21] Y. Sun, F. Fei, L. N. Y. Wong, and J. Choo,
"Intermediate principal stress effects on the 3D
cracking behavior of flawed rocks under true triaxial
compression," J. Geophys. Res. Solid Earth, 2024.

[22] F. Feng, Z. Xie, S. Chen, D. Li, S. Peng, and T.
Zhang, "True triaxial unloading test on the
mechanical behaviors of sandstone: Effects of the
intermediate principal stress and structural plane,"
Rock Mech. Rock Eng., 2024.

[23] Z. Wu, Y. Zheng, B. Deng, and S. Deng,
"Influence of intermediate principal stress on rock
strength: insights from closed crack evolution under
true triaxial compression," Int. J. Rock Mech. Min.
Sci., 2025.

PelSe s i Pioee> APl 5 el wsppate olw[ VY]

5 oy, 5l el LYL gaw aw Loyl i o S Szl

(xe (oo ;0§39 5 (hloS (slahy; (a9 )T 9
FA-OA domio TRl FY o)l




    𝜎 1


    𝜎 2 ≠   𝜎 3


    𝜎 2 =   𝜎 3


    𝜎 3


    𝜎 1


    𝜎 2 ≠   𝜎 3


    𝜎 2 =   𝜎 3


    𝜎 3


    𝜎 1


    𝜎 2 ≠   𝜎 3


    𝜎 2 =   𝜎 3


    𝜎 3


    𝜎 1


    𝜎 2 ≠   𝜎 3


    𝜎 2 =   𝜎 3


    𝜎 3


    𝜎 1


    𝜎 2 ≠   𝜎 3


    𝜎 2 =   𝜎 3


    𝜎 3

