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Abstract The tensile strength of rock material is an important and basic parameter when it comes to wellbore stability. In
general, for metal, we can obtain the tensile strength in a direct way — the Tensile Test. However, for geotechnical materials, this
method is impractical from the first step of sample preparation. Generally, the most commonly used method to obtain the tensile
strength of rocks in the laboratory is using the Brazilian Test, which is an indirect approach. Now, this method is recommended
by ISRM and has been extensively accepted by the whole community. However, this method has certain limitations. First, since it
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cannot restore the initial compacted state of the rock, there may be deviations when determining the tensile strength of ultra-deep
rock formation. Additionally, the underlying assumption of this method is that the rock undergoes brittle failure directly after the
linear elastic stage, which does not align with the actual deformation behavior of ultra-deep sandstone. Based on the problems
mentioned above, in this paper, the real tensile yield strength and ultimate tensile strength of sandstone are determined through
Biaxial Compression Tests. The real tensile yield strength and ultimate tensile strength of underground sandstone can be deter-
mined by a Biaxial Compression Test. The results show that they both increase along with the confining pressure, which accords
with the common understanding that the denser the rock material, the higher the strength. The equivalent uniaxial tensile yield
strength of sandstone can be obtained by fitting-extrapolation, which is very close to the results of Brazilian Tests, verifying the
reliability of this method. By studying the tensile strength of sandstone under biaxial compressive stress, it can provide a more
accurate basis for checking tensile failure under unloading conditions, as well as the theoretical and experimental support for the

stability of sandstone wellbores.
Keywords sandstone; tensile yield strength; biaxial compressive stress; wellbore stability; theoretical approach
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Fig.1 Schematic of tensile meridian



A0S Ul e 246 7 DR AT AT 588 38 F) S 9B

515

Fifi(p-Sbn ) b SUERBALHOKIE T BT

Oy = \/E’ o HNABBIIE, p= ?O-effo

P, Tk EAERA AR A PR A B e, B
Ve b T L E A 22 40U R 45 S50 1 B s A R A
EiTA i e S T R 27N E2 P T e ER il 37 W Sk 2
(p = —2E) BIAE 55 B R B e 10 25 0 Bt o e ot 2 1)
B, 1 P S S ROS R AR T Y ARAR
B, BRI JE IR, 5N
TPARZS R (p = —2£) BB A5 A2 25 0 i 1o e IR
SREE, M —RIEERT , A AR A A R I
ALY A AT ST FK R R bR

ASZH0 SR FoRe i, B B S i PR S o
SCIASBIRLAGREE, X — 5 F U R IR — R,
{2 H 0 R 48 1) 1 TR ASAH X e BRI ) ik 1)
RN e e I E= ) IR he A A I T DA S % 9 Nl
JE, BT AR RLAR S0 ok L, Uk 4R 250 ) X
J2 T DA B 25 1 T i SR

H A1 A28 A0 R XUk 45 52 3o 48
b KA RS RSCE A SR, BIARA SRR
1 L R4 R — 5 EOA) (BT i3 ) R A5 4, 1171

P R4 L A 1] B 9 /N e 5 o 7 ) B A8 R F 5
JUTBAT, FFH e SR H AR ZM I A A P
P, HAFRIS LR UL RN ) AR A A
NEAATEHS T VE R T Z R . B AR SGE
TEZE N TF AU 46 5256, JH F RS T Rb A it
P B DA S AP R  E A B PR
BE R R ASfL AL A -5 T P B S Se g 45 Xt L, 56
TR R AT SR
1 UG HRE
1.1 SAFMERSMT

FH WU e 208 S 56 (0 FF 5 e FH AN A 85 Sk, Sl
BUE A2 25 mm, 15 50 mm bR fESOF (K 2), R
000 35 144K K ) 600, 800, 1000, 2000 H Ay b 4% T
J | AL S uh T AR A, DB R R R OR
2 TR T B A & AR R, v

S0 () R TR TR A O A Y Al BRI AL 10
mm 24 B E R (E 3).

1.2 LU EFEMH

S A 2% R FH 26 B GCTS 22 /] RTR—1500 79 125 6

A A TR (B 4), FE5D DL T e & TR
M BT = Z Y, RS ER R RS BH 8 =
LB E L TR E SR-LCI-1500 # L Res, &
e A ER AL 1500 KNyl fr, K5 AT 36 0.25%. b
b, BB AT A HPVC—140C Fl 3G 5 2%, e ] 18
it 140 MPa il iRE F7, BEHEA B — W 3k, (%
SR FH R A 2 F VAR IR I, X 28 A A7 4 o By
KEvE. AR R ] FCXA10-000525 %15 LVDT {48

B2 WHESHEKHER

Fig.2 Samples for biaxial compression test

B3 BASRIEHER

Fig. 3 Samples for Brazilian test

B4 SESEEAREN

Fig. 4 Geotechnical consulting testing system



516

AR 2024 4F 6 H H59 BHI 3 M)

e R £2.5mm, FEERIA 0.001 mm( & 5).

BRI =Bl 4 S R FL AR AL 6, B E A
ARG BB B NPk 200, 3 i Sk AT i P 2%
B, LUAE S aEMBR R H i, e S AR
ARG, BT ESk EARA R, HT
(] 2 1) A AT SRR, R (B 25 o 7P 00 B e A 7
P, BRI Z SR AR I E N, &
JEE T = . AR5 R % R O
ShaCi s 1 kit 2 SCON—2000 FUF 155 R 4w -

AR BT I3 LR S 4 B 2 e A )
FECE LRk Z A2 BRR A (B 7), RO AE
IR B, BIRAER T m, e EAERT
e, RAEARAESEAT AN SEgR R, Bl R R T
T HE, RRJCHER B £ 46 0 ST IRAE (0< 0, < o,
=o,, o NNy, B, #Z SN /N T
EED AR E N A A O N S i WL G

A SCR I B R Ty 58 2 S 3RSk O — 1A X
SERE (B 7), BRI TR, H X Fh oy VA A A
B2 R AR BB, OGS —FEAE SE 5 15 A M
LHRAFFE PR HAEA R I EIE T 7, REETEE =
IET I ZRERES, M TEAES AR, FF2EXE R
LA RCZ P AT IR R, s Kl B P RO A

B 5 FCXA10-000525 B S42[m LVDT & =%
Fig.5 FCXA10-000525 radial deformation sensor

6 EMEHELBIXERE
Fig. 6 Sample assembly for conventional compression test

e DAt A 5 B P AR S A I 5 i i £ R
I 5 B L A2 ) 2 SRS AT o A A A B TR AT
BT ek L, TR SRS

LB B S5 R T g A5 S e — T Sk —
i RSk — R JEE, (AR O A b 17 b L BHC ] DBy
ez AR AL 0, I EAKIHR NGRS S, HAE
SEBL T B FURE Al i U TR, A Uk TR 45
PRSI T SCge R, (14 8).

BEoh, AT E VBRI A RCE S A LA 9.

1.3 m#E 5 R S EEEER

R TSR R IR 0, < 0, =0y, AT
TR ) ) AR AT PR

1. Seid kB P flnEF oK R 2 — e (B,
ZIG R UER AR, SE s A ) A0 S in B L2
EABIR, SRR,

2. SEil st PN K R ) 2 (RK),

B 7 IEkegEtarE Xt &

Fig. 7 Comparison of indenters before and after improvement

8 MWHEAERIN R

Fig. 8 Sample assembly for biaxial compression test



025 XU 248 107 R 2T B LA 50 B S e 7

517

Z e DRUE Bl A 728308 337 A% 42 il 2 T4 T T Sk i/
FREZAABIR, THRA L.

A ORI A6 PR D 2 02 A A 5 i A
N EORLAEE L, X HUARSCRIS RS kA, R
MERIEE UL ) AR AT 5 A et
IS T T SRR L o

Xt T L P B SR S AR SR S A 45 A it Al I
RIVH Sk 23 i) 1 B sl ELE N T Y BRAERE IR, 5
LieZ 3|8

2 SpUSEEIR
21 WEHE4ESLIG

TS LU 9338 (2 MPa/min) [R5 2O it
Jn Bl Nl R % 7 5E {E (12 MPa, 20 MPa, 30 MPa,
40 MPa), TR LA, BT AN B B B
WA AR KRN S (K 10), (HRESHE . HAR
PRFEUN; A8 5 [ e R /NI B Sl () TE AR DG, 106 5
55 R FH B9 RD A A i B — R B AR 38 Bk (W) 1d s
SRR

KEIHUE 2 55 10 min 247, X—A0 B
ST BRI — BB (AT Sk ) Z TR S AR 2 1k 5]
— AR R A . FEIX — W BORE Rk 4 (1A
11), BMABVSIEAATEE R, (A AR AR AR il 7
0.5% 1T, X5 TR AR J TR S A S R 9 P T 2
Ji S i ARSI R IR . I AINA WS B A R 45 i
FEABURIE A AR BRI 0, X UL BTED A A IR FR AR
¥ EBZ i T BB AN LR S5 . AR R R A
R AR 22 AR, UEBHAEMEE IR T, W Uk (4l
Bl I KA U

B9 BASRIKRXE

Fig. 9 Sample assembly for Brazilian test

PEAFF —FrBL, Bk L 0.3 mm/h B R
A, AFE T R g AR BE R ] AR S R (] 12).
TE: WA IEACRIRS, AR A TR

MBS KT, AEALIF TR A 1A 8
e ) e AR 1) R AR R UL . AR AR e R 4 e A
S 1) 7 72 A ) 21 T 2 B B DR 1 EL AR PR g 2
— B RFRNAETE R AR A AR BRI B A HERE 5, 2
WURLEE B 51 ES 0Y 1 i B 2 1 o 42 o s Sk o 2 i JEE
(RIS 2 B S8 ) A P i S BE AR, o T ik 1 9277
SRS . HSk IR R AR, SRR RE R 1) N
Je PR, FPERERIG 6] ) Z MIATE IEAHC G &

LA 30 MPa OEE B, I RAR R4S

3.0

—— CP=12
a5 | —— CP=20
—— CP=30
—— CP=40
20
N
A
2 15F
=
He
&®
10 F
05
0.0 " L " L " L " L " L " L
0 200 400 600 800 1000 1200

EIS
B 10 hnsk i EERD & AR N 25 i e (8] 254k

Fig. 10 The evolution of volumetric strain with time during

loading
0.08
—— CP=12
—— CP=20
—— CP=30
0.06 |- — CP=40
N
12 0.04}
<
He
®
0.02 -
0.00 & L L L
0 200 400 600 800

B ial/s
B 11 ARSI TR BT

Fig. 11 The evolution of volumetric strain with time during

holding



518 FmBlER 2024 4E 6 H 4 9 5 3 1)
0.05 15 0.05 30
—— e —— MmN E
0.04 - B 0.04 RN
0.03 — KRN 0.03 | — AT | 25
— Fh e — HlEH LT
0.02 {10g 0.02 | {20 @
0.01 s 0.01 =
X 0.00 £ 2 000 115 42
1 -0.01 B 001 i
-0.02 1° &8 -0.02 1=
-0.03 -0.03 15
-0.04 | -0.04 |
_005 1 1 1 1 1 1 1 1 1 0 _0_05 1 1 1 1 0
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500
EES] B fal/s
(a) ElE12 MPa (b) ElE20 MPa
0.04 40 0.04 50
— N —— hmEN A
0.03 | B — AT ] 35 0.03 - —— a7 45
— R —tRaE | ],
0.02 — wEEE| ] 30 0.02 —— 5 AT
0.01 © 0.01 1% o
{250 l30 &
® 000 E R 0.00 e e o g so o == %
™ E 20, ] ™ —4 25 )“
5 -0.01 #= 3 -001 4
& {15 = 120 =
-0.02 D -0.02 115 8
410
-0.03 -0.03 110
-0.04 | 15 -0.04 1s
-0.05 " " " " 0 -0.05 " " " " 0
0 100 200 300 400 500 0 100 200 300 400 500

B [&l/s
(c) B30 MPa

12 EDERFER AR AR 7 1 e B () 2L a2

B El/s
(d) EIE40 MPa

Fig. 12 The evolution of strain/axial load with time during unloading

AR R DL SR

i 2 R AMENIA R (Von—Mises, DP4§), §—>
YRz R FoK R IERRE, JGeEEZ R, HEAR
SR R /IR, A S R AR — B B (R K D R By
BO SR Z G REM R AL T — 5 st (R 48 ) IRZS,
A RERBG, FEMBR T —e EiERaE. 4
JE Sk R80T (B VR # K R R A & i — 4 ir
fiy, FESRSEEIEA R —ASPERE MRS R, L4
I oS3 IR B RE AR B AK . M, X TR
FEF B B 17 00 3 [l R R A S B0 B St st e S B
PAPERERY, RERASLAYSEPRE RS . nER s RE R R,
R Z Ve RE R eI — i L, XU 45 50 e ]
DABCSE Y S IOE R e b PRS0 2801 37 i & A R R g 1
P, T P B SR S 48 T I TR ) G N A B
A7 SRR RERT AR

T SC R B 2k Ay i o ] 2 B R AR A, R — B B
il i) 17 7 Bt ) S R B8 T B LT AR R KSR

RV ZUOCR TR BB A AN R e[k
Ok AN e AR TR SR RN D) SR 1B S VA RS
REAAE, AR T BTSN %A 132, HIE
AR OC, o T h N SRR AR SE, N
SR BE 55 il ) 1A 22 8] IO AL — 4] v i (S
JRSUE A ) , TS0 il ) o778 S ] 0 B 5 i e R (47
BOCT 1) KA WA, DI 1) 157 7 B A [ D 1 A1
FERFRBOCR (FBEOCT DK 13b, FrLA, 1ERIE

01 4 (o]

(a) (b) (c)

B 13 AN[E)SE06 5% 14 Tl (6] iz 1 BE R i) 2R 4L X &
Fig. 13 The relation between axial load and time under different
conditions



025 XU 248 107 R 2T B LA 50 B S e 7

519

MHFEAE R N 213 R TH Sk, W T i ARk R 30 1% 02
Kl 13a & MKl 13b, BIE 13c( ST LA 13b): Hiff B
Bl G 325, JERBdm N G 325 I Hiflim g )
B[] AR f 2 1 13 S R RIS 02: DR k4R
FHER RN QAT R EL A TG

F2 T R RS Ak B R R A R T, Bl i ) R RS
—EKE (MY FEE N T — & P ) & & AT
(AnlE 12¢) Z )5 N E G B 13c sk & 13b AR fh ka3
AT LA A B A TR -

— . RBEAE

T BT SRR IR S e A Y RSk AR T
B, S RE AR T B, (LRI R (RS2 ) B4
T, TREMARE TN, FEE R E A Z AT
GRS N R, R 2 A EE 2T

= A

i 3 & Blx — B2 TR 13a )5 235040 A M
1B 22 Al 1) 37 3 s 0 %) A5 f e 2 e T 13¢ 2% [l
Kl 13a, Hpflm a6 THoe %t e, R XTRE f )
B HEAEHILE S 100%.

ZE LR, N RBERY B, B ER S RS
TARFEACE SR DT B, BURAERS 5. it
N M Z R A e T A TR R R (1) KA T i
I

X P A AT Sk R R ) AR R, A S
1o T T A R B R AR B

JE Sk B9 44 TF 3 R & —0.3 mm/h, e B RRE Y
il ) 7 A8 TR (LA 50 mm 7= AR HERE R ) K2k
-1.67x107% s, W THEAEIAE Tk Z R Bl A Rk
IFE TH AR I, an A ity 1T 4R AR 4 5 T 3k %
e, IS 2AEARTE e H AR SL e N, FF i i il )
N AR RN B XA B, 2, AR
20 5 B B ) Bl 1) 0 A R R i — B, IR AR
—EANE TIESEE, g R R T AT
ARTE (e b 18 Bl 1) 07 AR S RN R o A, AR TR
A RE IR TS EWH L ] BN R TSy, 5 AR
BB BEEAAR ST )

FEANF KT, B A R % A T AN [F)
(€L ol S CP O K E VAL SE AT =TT by NI S S N
TEAHE), X BRI —HNE E LR S m e 5%, 1E
AR TE S | AN SIS AR SR X RS L, A
14a % 14d hH SR B AR . ZREARTA 1) 1 g B RsT ]
AL R s L0t = IR — BB i N AR R %2
T KA (453 HE).

BRIE 14aflfT—45h, [ 14b % 14d 3 5KE P47

PP S ) 791 i 300 37 72 R T R 4R X ] DA P s DA
T, URBHAE XN A ] 7 AR A A TR RIS
Hif— N T KSR GX A S RISy ), X
IR A A TP IR (EEA BB YR, 5 — T
I TR AR R85 v (G FLAE B IR T ), KA
AT R IR . BE IO I B B 45 B 1 7 7K (Can 1
HhRit), BEEER 1.

B4 T 12 MPa iIE L, AEARXT RS i m i, 1&
AR I 72 AR I kN T S R TR Y R, TR
SE T RN ARG A R o FR A iR T
P, AR AS R AR TR T, ORI R
20 MPal) I,

WAL, S, S e A R TR I
AURBIR (11 15), AIfER i TR B R S0 0 R AN
[F], XUl 46 S8 3 A5l B S 28R, iz
AR, [N S BORE i JC AR Ll 4 S 5 —
“ELERT BERERIT A 2R RS, s TR EE
DI, ESRER R T s SRR SR 1]
b, TEFEATHRUE R RE i i =k e 4 SE g iy e, R
AL 2: 1 BARE RIS 45 SR A K s (H2
XF TS K SRR N, R, SR S8 =l S
95 RS RE i DL TR I X3, XA i de ¢ A e IR ]
REr- A BRSNS B R 2L e Si g i AT i — 20
Bk

2.2 BWERILIG

AR SCH Y P S 6 A N 28 %22 0.024 mm/min,
SEIEERUNE 16, BT PGSR SRR, Toik
GAIAGIRIS M N AR, (Al T 253, b THET
30, 33X BLIA A Bl [ vy AR i s () R R AR AL, 155
16,

S50 R N g AR AT SRR, AR (A
2 1 ) AR I R e KAE, I Hoak — B 20 7R X A7
AR T FWREIR, PRI A Fe g 06 R 38 2o $e 5]
133 AT I PR BT AL R B (3R 2)0 MEAL, o T A2k
B BB IA T LR g e, H
SN T N RE SR AR, PR S A ) P R 4
5, FERESGABIPURSRIE Z AT, NN AR LS
PR—ANUEEAE, 33048 PR o7 5 LD e 7 A Ry 28 455 i M
B2, 38 H R B B I ) KT SRR il 1 1 4 e TR i
B SEBR b, XRhZ IR AEVT AN [AA PR S
BT B PR RE A UL B, B — OGS B I R
S T ECE IR, R AL B R M PR
TENN#EGEA, RIALNIEE, BI46 25 2 R R &R i 3t



520 fihBlEER 2024 4E 6 H 9 BE 3

0.000 05 15 0.000 05 30
——HEN A —— BN A
0,000 00 L —a— SR R R R 0.000 00 —a— SRR N R R
' -G RERX 0.000 05| (195:99.15.1) - —-EFIEFEEXE | 125
-0.000 05 (255.98,7.6)
i 4110 & 5 -0.00010 420
X —0.000 10 _'% & 000015k A/ e ]
ol N e i 15
9 -0.00015 L _____ N/ N o ___] E f5g ~0.000 20
EP( ________________________________ 15 = EP( —~0.000 25 (541.96,9.6) 10
2 -0.00020} o
-0.000 30}
15
-0.000 25 | 0.000 35|
_0000 30 1 1 1 1 1 1 1 1 1 O _0-000 40 1 1 1 1 1 1 1 1 1 0
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Bf(E)/s BiEl/s
(a) EE£12 MPa (b) E£20 MPa
0.000 05 40 0.000 05 50
——HhEN —— MmN A
0.000 00 - —a—SKERHBNEEE | 135 0.000 00} —a— SR N AEE | 45
——— EFIGFEREX 8] (215.98,35) | ———-ELIMFPEEKXE | ] 49
-0.000 05 |- (231.98,24.6) 130 ~0.000 05
— T o (421.97,29.8) ] 35
£ 0,000 10 o 2
X (401.97208) {25 = 32 -0.000 10
@ -0.00015 ¢ _ _ N\ N T R @
T e N e —==720 2 g -0.00015
iy ~0:00020 E i
N 115 ¥ ~0.000 20
2 —0.00025 8
0,000 30 110 -0.000 25
-0.000 35 15 -0.000 30| 1s
-0.000 40 L L L L 0 -0.000 35 L L L L 0
0 100 200 300 400 500 0 100 200 300 400 500
Bf[E)/s B jEl/s
(c) BEl£30 MPa (d) El£40 MPa

B 14 #hE N AT R R FER Ak R

Fig. 14 The evolution of strain rate with time for sandstone
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Table 1 Tensile yield strength and ultimate tensile strength of Sandstone under different confining pressures
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RRL(EN 7.7 —
SY-20—-1 49.86 25.17 16.1 12.3
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Fig. 15 Sandstone samples after biaxial compression test
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Fig. 16 The evolution of axial load with time for Brazilian test
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Table 2 Axial load values for Sandstone at peaks in Brazilian Tests

eSS JEJE /mm HAZ /mm BN /KN AN /KN
BP-1 16.31 25.07 2.20 441
BP-2 16.94 25.07 2.80 5.69
BP-3 14.10 25.07 1.84 3.49
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Fig. 17 Sandstone samples after Brazilian tests
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W AR AT AT BN A it g o, MPa.
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JE R 56 S5 HU L 58 P S (AR Rl p R g, BASAERR 4
HIFL e p— SebR A P (18] 18)
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Table 3 The equivalent tensile strength of sandstone under different confining pressures in Biaxial Compression Test

o S a=s [l & /MPa JE AR5 JE /MPa PriisEE /MPa R
BP-1 -34 -6.8
BP-2 0 -4.2 -8.5
(i) KRS
BP-3 -33 -6.3
SEYE -3.7 -7.2
SY—-12-1 —4.3 —
12
SY—-12-2 -4.4 —
I ~44 —
" SY-20-1 -39 -7.7
s 20
SY-20-2 -4.9 -10.4
P 44 o1
U 45 R
SY-30—-1 30 -54 -9.2
SY-30-2 43 -8.7
SER(E -4.9 -9.0
SY-40-1 -5.0 -10.2
40
SY—-40-2 -54 -11.5
FHH -5.2 -10.9
e EARR .
*4 TREEETHHMRERE NS
Table 4 Converting strengths under different confining pressures into O and f
P E Mk (P4 W BRFLAR (T4
FlJE /MPa ( ) ( )
5 P 5 P
0 -2.107 2.980 -4.163 5.887
12 18.273 3.552 — —
20 32.101 3.593 29.416 7.389
30 49.161 3.960 46.794 7.308
40 66.280 4.246 63.018 8.859
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I+ HRZEFHF 0.01594 \ _ EEI R 0.47218
4L Pearson's r 0.975 04 ol Pearson's r 0.830 82
! R 75(COD) 0.9507 W R (COD) 0.690 26
i HEERE 0.926 05 1 I AR ERE 0.380 53
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Fig. 18 The fitting results of biaxial compressive test and Brazilian test
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