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ABSTRACT
Received: February 19, 2023 This study presents a direct measurement method for grain bulk modulus, which is important
Revised: March 13, 2023 hydraulic-mechanical properties of rock, and conducts the experiment to investigate the grain

bulk modulus of sandstone. In addition, the factors affecting the grain bulk modulus were
investigated, comparing volumetric characteristics of rocks with different properties. As a
result of the experiment, it was confirmed that the theoretically estimated bulk modulus is
overestimated than the direct measured one. The possibility of the difference was analyzed,
discussing the existence of non-connected pore space due to particle structure of the rock.
Finally, the experimental results showed that the direct measurement suggested in this study
can reliably predict the grain bulk modulus of sandstone.
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S-S S 22 A 2174 ZANE s 8stara) sle] 22 I A7 = AR,
ojitefeta AFA, ARA DN T Lol HAE - 8L ok ZRAES =7 Q1 AFlolA] 4-astal Gl
2 Z2AE o] =318 QfolA= AR AHE EAJS) 7|&0] B 7FHEEA] H @ 5hth(Blanco et al., 2016,
Yoon et al., 2019, Rutqvist, 2020, Cheon et al., 2022, Yoon et al., 2022, Youn et al., 2022). 15X % A& 742 1.2 719k
Qﬁ 03” /\1 l:ﬂ%ﬂ%]—‘_—-_ O‘H:I]-Q,] Oﬂ_)\ﬂ O_E]ro_“l-z;l] o] 74] _J\-]O] HOLZJ__E %_0}7] [rﬂ_,_oﬂ _’_;(] OH/H E_EH_Q_ Eﬁ]—l?J\'] _,JH 7]E7Hl:ﬂ-0] q:|
T&|31 ITK(Cho et al., 2012, Rutqvist et al., 2009, Yoon et al., 2018, Lee et al., 2019, Jeong et al., 2022, Park and Park, 2022).

RS g0k Frrdo] Fet thad milE(Porous media)©] Alokr= ol 79 @fHte] ootk Mgy} F=-pto] A2
21-8-& SHA| B oli= 7P 7122191 oRte] Sel- ek Hdloletal B 4 Qirk. P Al A= Al 21 F o] whebA ¢
Z} A A4 Grain bulk modulus), ¥i4= HZ A4 Drained bulk modulus), BJHi A4 A|45(Undrained bulk modulus) 2 W=
4= Ut Al 7R AR Al B S-Sk PAE U= IR S83E )7t §lon, E5] A At AlAAl = b4 A
o] EAo] i E]7] wiiol| 71 7)o E)= Q1xjo]™(Hart and Wang, 1995, Hart and Wang, 2010), 5= U] 5-8]- <5+ 74|
o] EAS motsl 4= Q1= 5931 Q1) Fof| Shpo|th(Belmokhtar et al., 2017).

A W ARAG= F=0] el el oof] jiskEl= oA o] oA A4 HekE L= QIFEA, 3= o] wste]|
A ko] a2 Oyt b A AAAO] 44 ol AR Eg0lA tld k] Fisetel o] RISk A4 st
| R molel 4= Qi P AR AR A= k] G-eu]- Aot B s dlE= IRt RIolA] A=) AJui7g Al
18] gho = ARREH, s 24 2] A1=21d Slie et AL T M7 | & A ARAI AR 0] P/ B2
RS 278 7 T2AE o] o] 2 FFe —)F AU
TollA] A A A A= e THdskL Sl HIE ot F=d AAA- gk ol-&ste] Zdsiar
08 FAsk=HS ARS8 O1HQin et al., 2022), 0]% 2] 183K Cementation) 2}t $HA| -3 Matrix) 2t 22 79
=59 AN WA sk= 42 28 9 7] °]’°m QR1& Adehs] aefekr] Fopr| whizel] ¥4 B2 A s kel = Zeko] Sl
olof w2} oA QAL AIAA-E ok ' C == AR AR A B8 Aut A o] 7R A= et Al o= delA
2hQin et al., 2022). ZIH% EFstal QRF A& Aol tisf] 23291 Z78-S 218t B2k Al o] nl=i = A d @3]
(American Society for Testing and Materials, ASTM)4 = A|HH155}5](International Society for Rock Mechanics, ISRM) 2]
ARl Tz AR Ee]QlA] 247 wizel] o & AlA o & kEshal ARVdE SESHE $7F E et Aol

2 Aol = Rt pe]- kA A2 712 R J=QIAIR] oFA RF AR Al tiste] 213449 S A RS Ask,
ATE TR =N A JRFARAITE =S5 1L, A= the 7Isleld] B8-S 71 Aol tiste] 4z A& A& +
Shal Bl ko 24 At A Z Al Gk 1R Q1] oo A H ik
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(Poroelasticity) ©}20]t}. o= 413 thg-g wid oA fA| 553 14| §19 Afo]o] 48 21-8-& Yehfi= o202, 35} A
g e 17 Hollx] 2] ofte] HJakxi’l ¥ied 5493 yeRdict uid W fA|2] 552 uiade] vAolx] HigS o 4= 9
IR 2 11A4|0] ]2 fA| 0] 57l Gk nIAA "k =5t ol 2o ofgt-g=et -2 ake] WA= A (1) 2ol
ERd 5= Qltk(Biot, 1956).

o =0c—aP (1)

A7NA, o' & a8, o= A 52, P50 285ke 719 99, e Biot ARz L 352 ol2ol AR E= 3

A (D)ol =, AR 2 o] 21 gl ol b4 A o F=9tEe] ok Higel Y= mAA He d o 2l o, &
= Eo] Aok W] vlaks G2 Biot Alol] IS =, Biot Al A (2)2F 2ol b <= Sli(Biot, 1941).
5y
a=1— Ve )

A7, K= TS A 2] A vl A A, K2 FA dAAIRAISE luleltt of A A TR H oF4 o) A4 Wel=
ApEe] A4 ‘E‘ii‘ri’r%%ﬂwgl A Hetel gho & & 4 ek wEbA Fig. 1312 0] b4 A 2] Al jieh= dbate] A4
SIHT S ke 27 = A AReE A1 A Hoks Al Y Algs A ojof wiet vinle] gl Jlem® A A 2 K, < K,
7} =t wbA Biot 74] = 10J51] gk 2| e

Volume change = Skeleton = Grain + Void ) Volume change = Solid = Grain

Bulk modulus of porous skeleton ( Bulk modulus of grain

/-— Isotropic compression \
Ty

Dry pore space
At zero pressure

Fully saturated pore
space at pressure o,

Compression of porous
skeleton

Compression of solids

Fig. 1. Volumetric behavior of rock according to experimental conditions (after Selvadurai., 2021)

2] (2)2} 2ol A AAAGE Biot A= 30 3715 AR 24 <lgto] Sm2l- A5t PAl7HA] GakS wlx|A] ot e
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ot A A GEE RS 8-S FIRt nte] d-ru)- ek AA| EA ool HE o] lEgho 2 & ARRE7] whEof(Park
et al., 2019) °|& Aol AHgol= 712 ¢ F-Q o)t

2.2 22 (Unjacketed) A&

AHAE 2R 3= o] B2 51l = 71 IAFEC] 4k o | Slelixte A A1) 2xdo] 3R] wlzol
TEL] Aot 7FsRH AR o 2dolM 9] o] raiEfofof gt 38 o] 29 QIAE 5] iRt A4S A2 AE &=
2ol what T2, vl vl A 0 2 L 4= @Itk Lau and Chandler, 2004).

o] F, 2 AA 0] AAATE S5 | Slolkl= FAZ(Unjacketed) A7o] =sf=|ojoF gict. FAZ AP Alm Qo] H]
Baj|Ql(membrane) Fi= AlE FH-Z 7= 2P (jacket) §lo] Al&ol A4 0 2 414 GAIE HEAA T5Y= 7Holla= A
olth, A7 &J¥of FHg|elo] 31O M L& G} A Intact rock) Al=2] 5= U2 HESH| =H, 10 w2t A= 9JFo

S A= URe] F=9tElo] B AdHiel EEste] £ o] ZolR|A| Hrk & 7-8-82(Terzaghi effective stress)©] 021
38?1 Zo|eh(Makhnenko and Labuz, 2016). ©]2F2-2JHjel| A= Fig. 29} Zo] &40 =91 o] FUsHAl d=tellA 7t
alj7] QiAtol|ARte] A2 Wkt iAYsHAl Fct.

F= Pconfining

Fig. 2. Experimental condition of unjackted test

webA] TR AR O] ol M= gt 4RPREe] A2 o] HStslA| EH, o] uff o] S5 (MPa) 1 A A H S E(-)He] Al 9
3l 4] (3)} Zo] Alm o] U A F A7 EEF Tt Makhnenko and Labuz, 2016).
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3.8

o

L

2 Aollxl TR AEE Slote] 7R AR AlRE tVdo R AlE XIasIelct. Adlol] AR AR A&+ Kocurek
industries 2] Berea 2! Idaho A¢to|H, AZHFE2] AESHZAS Yolod NX Zo|(R7H : 54 mm, Z°]: 100 mm)2] ¥715 F
Hl2 Al=E 7HolSinh F AR AR 25 eAo] st 3=5 atol ZH2F 18 — 21%, 29 — 30%E Ho|(Table 1) 7145 14|
O] AT} -golsfof 5= TR Aol 263t £, Berea Al 7% AR Al AIG-E 2t F=5Hd o2 7| 2EA <
Zpof| thigt 4 gro] L AFAAT-E(Makhnenko and Labuz, 2013)°]l AlA|E|0igle], A9 Ate] vlw W 117do] 7Fs3ct. ¢
2t AAAE TE617] Rt FAE AR 9] 72, ASTMOIH ISRMOf|A] A B EAHA] 2471 whzoll 71&

wivto] dloje] mlii Zukgke] el glof WS- 8514 282 4 ek

El
we

|
N
o
>,
ool
)
rE
(o]

FAZ A9 o] ] A, VY Alm22] EEUSAE, AR, 3=l iRt 712 &4 Ales 3sielct

AT A= AEUFAE 5782 2lote] MTSARY] 160 tong A S U575 ARESHITE & A= fa= AldExdol
b7 24sk= A4 BAFX](Automatic servo control system)©]] 2J3l] = AJ@ o] A= B4 723 (Closed loop type)
grjoloh. YSUYSAE A2 ASTM D29380] weh AAISHI 0|, AlH o] & Hieko & 5825 71 & nh|E wfjo] Z|df
Sl5-= SSIATHASTM, 1986). =AUl tirt Al=2] Mg BE/44& #4517] flste] & Wigko = tho]dAl0]2] =l

SHRF AA|(Circumferential extensometer) S AR8o10] 22| S-S SN Ald Sla= 2= kgsla]of| A AAISH

¢

=
2]
filo
fuba)
£l
olt
K
A

SHH oA O] FFES S RtEelRlof A AN BEAAIERHSI Ao F=E B UE S FEA
ZJSIATHKSRM, 2006). 2 Al B2 A2 A4E =0 HulQl 58 5= E(effective porosity)= S7gJok= Al@HolH,
AHA=E(105 + 3)°CollA] 24AI7F oV 7AZSEL A AR O] FA|(w,,,)E 5797 thE 800 Paclste] g deliollA] AlolH
= TRNA ZF FA () E S5l 2] =52 SAok= ol

=

=

S| ARdolr] 7ot 712 2499 atgt B EEHARE Table 132,

Table 1. Mechanical properties of sandstone

Effective Porosity (%) Uniaxial Compression Strength (MPa) Elastic Modulus (GPa)
Berea sandstone 18 — 21 41.33+3.79 9.1£0.9
Idaho sandstone 29 - 30 20.33£0.58 7.35+0.54

S,
i
(¢}
A
\i
N
)

A5 A S A= Berea A9to] Idaho AFFETH B 5| WERE=T, o= 1daho A1} Berea AR IHE=E A0l 2
QIgt 71 6 & Wkt Kahraman et al., 2005).
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B Aol b A7 2] AL A ARG Z 0l AR A= MTS 815 System ©]tt. Fig. 37+ 2o] Z|of
138 MPa 21 2719] S (intensifier) HIZ} 1702] 460 ton -852] 51571, AEZSZ F/J=] Q)

Controller
(MTS 793
= software)

Fig. 3. Triaxial test equipment

SO MTSAR] 636.60 Triaxial cell-2 2SI A U= 54 A0S 91t -
== S -2 E U= GuardsmanAte] 7USP White Oil-2 ARE-8HO 24 AllA 2}
AR A 7Fs/dE FAsleialtt

W AAE Fig. 42} 2ol A2kt

sk Z74a7] 1] 5 0 85 4 1Y

3

/ Ed
Circumferential
Extensometer

Fig. 4. Axial and Circumferential extensometers around specimen
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1570 2k ol85to] A (4) 2 o] A PgES 54T 4= AtH(Lau and Chandler, 2004).

4)

e, =g, T2,

A7|A, e, = FTFHFE, = ITIF HFES LEhdTh
T AVAONA AR AZER= 2 91F-0] HIShA] HsR= @] Zole] wiskan, 4] (5)9h o] F71Hel ARkS B3
5= AFES] =7g0] 7FsSITHMTS, 2000)
A= Al7r0 - (5)
sm(?) +(r 5 Jcos(—=)
AA7|A, Al APZAINA ol o= o] o] HigtolH, o, = A|Q19] Al Eo] 'Holzl 27] Ziolth A o= Ui dol |
U HPE (e )= AT 4= ik

ol ot A C g 7N AR O] 4 Lirw

slgolt. AdS 5
3.3 dard
FAZ A4S floto] WEHIR1 A2 glo] Als Il S/ AFRF AVEAIE AAsIsie) 2 A A A Alme sk
A RS 5101 T MTS 991612719 A2 Ax|mke] ARHe] &2 ZEES x| ds
A=t

I=78(end cap) OFfell 1= 2F(O-ring) 2] A|
St o) 2T AAIE MTS ZAEZ2{0]] A2 S Platen Assembly 450l W= ANE] H(center pin) A2 U A

2HE D7 Aede 1% 27] AJHE A0t (Fig. 5(a)).
27] g8 A% ol § A=AAE sIAI71AL Bello] eHds] Eo)A] =

b A ok

BES As]o] W o] §A1e] b

-
Triaxial Cell

Spherical Seat

Upper end cap

(b) Condition during unjacketed tst

(a) Initial setting for unjacketed test
Fig. 5. Experimental procedure
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= Sk 1L F- 149 F1E 25t0] A Lol TS RS ek F9jo] SRR MTS AEER S o o) P4t
A G2 SelsirFig. S(b)

A Foll= AEED] 4 AT E02 MTS 7932] th=4 AlY T2 73891 MPT(MultiPurpose Testware) S 0|85 &
A A& FAotr AdoA 5= Yol 5 AP EER 4= e 10 MPal] 598 0 2 2087

= =
S S SIS o] o 59t S0 HE Hele] Helt 57k o 2 dASR] ok-2 SiRIRto B M Al LR
O

il

7R 2 gAME Z1ekEz1eA Qf2igh e o] % W W0 wishyF igelA] of3-S EIRl F TR THAIR ISttt 1k Sigt
51 Aol Iea= 2.5 MPa/min O 2 7H0H, 7)1z 9l 515 Aol ISRM HEAI WS asto] A6t AThISRM,

= 2.5
2016). FAZ A ZF A== F 437} RS 3= QI

RAA AL Fo SIS ARG E- T A L ARG Fig, 67} ek 205 ARG RO 2 (+) P A5
g ojnjshe Zlo®, 9% F4gleo] 2ol we} 5715 AP AR Bo| gtukE AlRo] 2A] AHL sl S Lhepiict

=
A3 A3} Berea®t Idaho ARRF BT 5= A E Aloof| A 2R PAIE Bl oW, T1of wet Al &2 A 1t
2150 MPa7l2] Y75t Z7Fotdtt. 1eie] 7187 ]= 2] (3) 2] A& A= 7ol sid=I™, o2 Foll Ad Al -85 1459
UlelAti= Tttoll whe A AAAS] WalF 27 k22 ERlsHich A

28.9 GPa Q%! ¥, Idaho AFFS-32.8 GPa 2 UERGTE Al H| WA} Berea A1) A2 EE0]0.00154 2 Idaho A1
AAHEER10.00137 Bt 2F 11.1% H 2 AXRSE I Fig. 7-2 A2 A2 E] Z7d gt 1o o2 Tt
S YERAL Qi

60 60
50 r o 50 R fos]
L
2 T K ayg = 28.9 GPa g =
230 s s, avg S0l o Ks, avg = 32.8 GPa
o e o 7
o - i o
T 20 - - S 20 - o
= 0 #1:K;=29.72 GPa £ 0 #1:K, = 32.14 GPa
3 L o #2:K,=28.09 GPa 8 o 0 #2:K, = 32.68 GPa
0 o 0 #3:K,=29.10 GPa 0 e 0 #3:K,=33.31 GPa
0 1 Il L Il 0 L Il 1
0 0.0004 0.0008 0.0012 0.0016 0 0.0004 0.0008 0.0012
Volumetric Strain (-) Volumetric Strain (-)
(a) Berea sandstone (b) Idaho sandstone

Fig. 6. Volumetric strain varying with confining pressure for sandstone samples
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0.0018
0.0016
0.0014 /I//
0.0012

0.001

0.0008

Volumetric Strain (-)

0.0006

0.0004 —
—F- Berea sandstone

0.0002 —I— Idaho sandstone

10 15 20 25 30 35 40 45 50
Confining Pressure (MPa)

Fig. 7. Comparison of volumetric strain according to rock samples

2 A3 0 2R w2 QR AR A2V dE A HT| 91610 Berea ART] A} A AR tsto] 418Y91(Makhnenko
and Labuz, 2016)°14] 751131 A&+ A4 A2 34(29.1-29.4 GPa)¥} Hwa o m, 11 At & ko] ZJoli= 1.2% HeIZ FARRH
FEE Bt B3 A FES] AFASE Foll Slsh UAt AlAAIeE ]S 4345}t Table 2). Makhnenko and
Labuz(2016)°4 H4F Al=<] Berea A2 A 90%, 4 7%, Bl 1%, 4182 0.5%, HE FE 1%, 71 2] 71et 35 0.5%
2 =) om, 42te] 3714 0.02 mm ©[vk. o5 ZHFEE 150 AAAIS 3k Farste] JuE A A= g
AF1E wf Berea A1RYS] A AlA A== 37.56 GPaZ UERITHMavko et al., 2020).

Table 2. Grain bulk modulus of sandstone (Qin et al., 2022, Deer et al., 1997)

Quartz K-feldspar Calcite Iron oxide Clay Mica Other minerals Average
Berea 90 % 7% 1% 0.5% 1% - 0.5% 37.56 GPa
Idaho 55% 37 % - - 3% 5% - 39.77 GPa
Bulk modulus 37 GPa 37.5 GPa 76.8 GPa 170 GPa 1.5 GPa 110 GPa - -

AR g2 5 /dHIE o 81 57 I 0F76.9%0] w0 & T WA LERITE o5 Foll FE T IHIE A= o] A4
A5 S T A A G oSN A 2 10, 2 1] SIS 2] G A e
O] EFE T B ZA Yehdth= 2 SJnfit. ojob g2 }017} WYsh= o= AEEA] Al AT 3= -8=(non-connected
pore space) ¥} HEg/J0] =2 HE F=0] 24 w221 71 0 & TAETH Tarokh et al., 2018, Hart and Wang, 2010). 53], 775 %
S5 EAhs &5 T FES ] AR elel vl F71 9l Az o] Al HelE A C 24 A A A A= ol & F

SHA Bt 0.2 mm 2] YAF 2710 A 55%, A 37%, 1 5%, FE TE 3% 2 745 0] =1daho A1(Haimson and Lee,
2004, Ishutov et al., 2015)2] 7% Az} A AK: gro] AXH AYAT7 ZA51A] 7] wieo]] 2120l vl we E7ss1%t)
B R AZe] AF A= o] 85l] o] 22 0 & Altelals W) Idaho AFTe] PAF AAA-=39.77 GPaZt LSkt ol=
AS 53] ot AR AAAHTE 17.6% B 2 3Ee R 94 Berea A19e] Avjel SUs1A| At oll&sl= 202 2 4= itk
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