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Study on evolution law of mechanical properties of coal samples subjected to

freezing and freeze-thaw cycles of liquid nitrogen

CHU Yapei'**, ZHANG Dongming™’, YANG Han?, LIU Heng', WU Xuyang', SHEN Tong', ZHAI Panpan'
(1.School of Civil and Traffic Engineering, Henan University of Urban Construction, Pingdingshan 467000, China; 2. State Key Laboratory of Coal Mine
Disaster Dynamics and Control, Chongqing University, Chonggqing 400044, China; 3. School of Resource and Safety Engineering,

Chongqing University, Chongqing 400044, China; 4. State Key Laboratory of Coking Coal Green Exploitation, Pingdingshan 467000,China)

Abstract: The permeability of coal reservoir is generally low in China, how to effectively improve the permeability of coal reservoir is a
key and difficult point of coalbed methane exploitation, Liquid nitrogen fracturing technology as a kind waterless fracturing technology
has received extensive attention in recent years. In order to reveal the influence of liquid nitrogen freezing and freeze-thaw on the mechan-
ical properties of coal, the temperature distribution of coal samples was monitored by infrared thermal imaging technology, and uniaxial
compression and acoustic emission tests were performed on the coal samples after the liquid nitrogen freezing and freezethaw, the P-wave
velocity, porosity, acoustic emission and energy evolution characteristics of coal samples before and after the freezing and freeze thaw
were analyzed. The research result showed that: (DAfter 360 min freezing and 12 freeze-thaw cycles, the P-wave velocity of coal samples
decreased by 58.2% and 64.7%, respectively. The P-wave velocity does not decrease significantly during the initial freezing and freeze-

thaw cycle stages, the velocity gradually decreases with the increase of freezing time and freeze-thaw cycles. @ The temperature of the
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coal sample gradually decreases with increase of freezing times. The surface temperature of the coal sample drops below -60°C after the li-

quid nitrogen frozen for 180s, the temperature distribution fluctuations at the center of the coal sample occurs due to the different thermal

conduction coefficient of the coal particles. @After liquid nitrogen freezing and freezethaw, the elastic modulus of coal sample decreases

exponentially, while the porosity gradually increases. The increase in porosity of the coal sample after liquid nitrogen freeze-thaw is great-

er than that after liquid nitrogen freezing. @The acoustic emission activity of coal samples during uniaxial loading is divided into develop-

ment phase, active phase and severe phase, the maximum acoustic emission ringing count and cumulative acoustic emission ringing count

of coal samples increase with the increase of freezing time and freeze-thaw cycles. GLiquid nitrogen freezing and freeze-thaw will weak-

en the energy storage limit of coal sample, resulting in the reduction of the total energy, elastic energy and dissipated energy at the peak

point during the uniaxial loading process.

Key words: liquid nitrogen freezing; Infrared thermal imaging; freeze-thaw cycle; coal seam permeability enhancement; rock mechanics

0 3

[ A2 BTG R, SECE 2 000 m LA
VR I A 22 S R 9 TR R 36.8 142 mlY, 4
R AR TIRAFIRZ n] AT [ RE IR A5, [7]
A ] LA 50 R BT s SR, T
T [ R B T 3t 2 P A2 2, 2 BAT IR AL L IR
B AR AR AR AR = AR BORHE,
FEIR E M Z SRR, S TR R
ARG, 38 2R K I R AR LU = 52
B I 2R, (HUK ) e 3R EOE K BE, JF Honl g
K 05 5 M AR AR AR, B SR
PO B BRI KR, LIRRAE R i Ik BOR—
BHORZ B NAMITTE 5 1 T
KT BEATER AR N B0t B
Shp B B ATFR T KEIIIT . RSN S5 T
TR v bt A VR FIALAR , 2 5708 46 100 1 B
SARRTY, FFR A AT T v vh i i, & RS o
i AEAS 3 BB 7™ A PN T SRR, S BB s
KRR b H S R CT AR T 77 8.5
B R BT E A R LR AL BEAT TFST, K
PR RS RENE 1 U A AL R 2 LB T
BRI ARSI X K AR IR T TR R B 2
1R, FET T IR R R RIE PR S AR A i | S
L PURSREE AR LA 12 B AL, R BRA
URESBERE IO RE A 45 4, 1 T A1 RE S k. 28
LD S O M NI TN N o i R N T ]
FlL I | A TR s B AN R R4 R IR R A 794 T
AL, RO HR A BT . S B I 7Hr (Y
Lo CT 00 JREAE SR B 58 JEE A8 A 104 2 s ol A1 L i
AT TS, 20 1V /e T R i 2k 4
PR MU . BT AU RS R R S
PEAT T BE vl i, AT TR R AN
PR BOIRDL, 18 7R IR BE bk 03 AR v el TR
A5 15 S P 7 A AR AR ) SR R L .

i}

RRAGEUST R ARRE HEA T BE b s, ORI o
B\ CT. R A2 B ] ik B2 oo o i I A RREARE 1) L
BRBLBRASHHEAT T IS R AE, IF R H] ANSYS X HERE
AR TR SR BIL Tl R AT 204, 4 SR 2 WD L 2 ol RE 06 3 1
B LA ELIE T iR LR . ARz
USSR PR SEHR T A R, AN IF] 5 7K SRR
IR AR A 25 T BERE A LB S A T AL A 2 T T
WEFE, TR R FLEBR AR | B8 R A 2L B AL AL
R SR AL AR AN HORARSS & 1T IR
17 0 R 4 i ) R R R 0 R JREARE A L B s
MAHEREAT THESE, 20 M 1 IR R ES TR R AR B )
FER B R AE . TRER T AT B KR AR
[R]RRE B BRI HEA T IR R R AL B, X R R s
BEREHEAT B B AN, &R AR BT W35 104k
IR BIE R

RIS 32 24 o AR R R A R SRR (Y FL B 4G
RIS B AE B RE I, 19 AR &5 i AR T A
WAL RL A, TR 0 ) 2 e 5 A TR SR
WYIHIOE, HIBHER M SIEAE RS BRI, Ay
BRI R IRGE 5 AR 00 1 2R TS, EAh, 7
WA VRES I R v, WS R S A IR AR 128 7 BUR
FERIR BEFRAR, T REURE Y % S R BOR ] S 2
T A% 16k PR A A v 7 R BN, it MR ) FLBE
SLBRLS R, T SRR 45 I B B4 B O A AR
A NBEATIETE . I, SE35 A B LD AN PO AR AT
TR RS i e TP AR R A TS 0 BE R AT T M
Mo AN, R REGS FUR BTG R 5 A R AT
Bl 4 R P R S 3K, R YR R 2 R R R R )
TREAE T 2 R RO SE I, I X WRRA 1E F AR LB
BEAT AT, AR TR R B A BOR AR (I8
et

1 {WRERATR

1.1 HFRES
RIS HEAE I E DU AZ AR, B T AE T
83



2023 4F55 5 1A

# £ M F H# K 551 %

S 1m] J5 v 4 T T2 37 T AL HL, SR 5 R A D) E T
JE 1R EE S 100 mm, B4R 50 mm A4 [RIAAR TR,
NP 1B, R R 194 S TP 5 82 5 1 76 0.05 mm
DA, S sk S il g i it i B T, 20 i 3se FH %) A
W []— B J5ARE, I HLBRERE %) 2% 11 T B I 2B 40 A1
ERE Y Tl 53 B R T 4 S A R L3 1

B ARERH

Fig.1 Standard coal samples

®1 AEEHERSH

Table 1 Basic parameters of test coal samples %
M My Au Vi FCy R
K, 1.58 23.22 9.7 65.5 243

12 EEE

IR R AG-250kN IS =8 B B 448 T BER
RHRIEHL, B0 B AN 2 FiR, IR R RS hnak
B 7 2, InEE # K 0.1 mmy/min. 3% %
PCI-2 5 & SO R R SHE S A TR AR, Wi BRI
1o R M (8 SR, AR YR Y W A A A
40 dB, RGURFEMFRLHEN 1 ~ 3 000 kHz,

K2 RBEE

Fig.2 Experimental equipment

1.3 REHFER
T C R 1-RPT 5 75 5 0 3 A SX A frg 9 e
PEATIN, SR I ) FH R U AR BUIRX IR R TR

SRURES FI R B PR A0 B, W A IR A I 1) 735310 60

120, 180, 240 F1 360 min, Y& %75 Bl 46 2 vk & 43 51l
H2. 4.6, 8, 10, 12 ¥, Hrp AR R Uk il 78 A 45
84

30 min R AZRSE A1 30 min IR AEME, 1445 R T
K FH FLIR T660 £140 A i AZSOULI BEAE (1% 2% 1T I B2
O3 o VREVREE ARG IR 5, PR 25 7
S SOXF AR ) D8 TP R A 4, gk 3 5
Jei, RHEEREDEAT B 200, AR IERE Y )2 R
Azt B Ay R HHME S .

2 HEERKSH

2.1 BRHEEETHIRR

TRRE RO Il D s AR AL N P 3 7R, BERE B 9% s
I V0 2R 4 4 s ) R A R O 0 1 348 o i i, 2
f 360 min A1 12 RERRAE RS, BERE B9 3 20 51 T
T 58.2% M1 64.7%, 3% f& 1 TR RES AR RLIE 20
St EAAFLIR . 2R B4, 5 EFL B R 2R
P 0 7 A R A AR, BELRS TR P A SRR R Y
A% o TR AE SR ) 1) TR 260 285 0 R R B B L, U
TR B IEAN B S, 2 B IR AR ) 1) TR R R 45 R R
TG R B B A6 45 5 AN 7 T, i T 2R R S 5 T A R
TG I VB 14 T, R 1) 40 R B N B, S4B
BRI, BEAS TP AL 1, S BORERE i T R
B,

2400

o,,.____o____. o P PHE
Tt T WPBOEI A7
2000 | Vo IR ATAR P R DO %

D)

- :.~\~‘
o 0 008300773 95423051

R=0.998 3 o
1200 F -

PWk/(m s

800

400 + . .
0
0 60 120 180 240 300 360
VR &5 I 7] /min

2400 ——
o o Yk
2100 | el T PR
200 e I AR e
T 1500 | y=7893 44423542 339.9
g R=0.997 6 g
S 1200}
b °
B 900 |
600 - ¢
300 | . . .
0
0 2 4 6 8 0 12

RERIER UK
A3 BRI KEE

Fig.3 Change of P-wave velocity of coal sample



FEMIEA WAL AR R T AR ) 2R g e

2023 455 5 1A

2.2 BHERBES YT

AN TRV 28 45 T (1) J AR 1 3L B 43 A1 AR A1 2
Kl 4 FiR, PR Sl RS & AR A8, 5
FORRERE AR . WARZESE 10 s J5, BEREARE &
2 552 30 VPN i g AU T e YL B 05, i S A A
HIARER UCREE A 14 °C, Ty MR h—23 “C,
Wi 25 Y R 4 o P o, RREARE 1 T T R A1, 2
it 180 s R4, A AR 73 A IX B0 T340, 1R
FEEL FHEE-60°C LT,

TR/ C

—-196

(f) 180 s (e) 120 s (d) 60 s

B4 RIS R A R R R R

Fig.4 Infrared thermal images of coal sample after being frozen

by liquid nitrogen

kB XV R R 4 e AR 1) 2 T LB 0 A R
HEAFHFSE, SRR RSS 180 s JoMEREMIRTHIL S 3 &
DL, P 2R b A 9 3R T B 23 AR AT A 5T,
K5 R, ARZRSS 180 s Ja, MR 3 4002k EAYIE
FEATAT SR R I = R A A, 3 454 |
L BE R 2230 °C DU, AR IR B P R R
—60 °C LAF, Jf FLIARE Fpocs A3 BE 52 0% 3h 40 A, X
P T A T ) AR 0 52 45 00 2 1, AN ()

-15 —_
—o— JEL 1 r ‘
20 F—— ik 2

5L Mk 3 ) ‘

M/ C
A
(e}

0 10 20 30 40 50
ML A7 B /mm
B5 HAKLE 180s A KT NIRE A
Fig.5 Temperature distribution coal samples under frozen 180 s
by liquid nitrogen

(PG T RBORR], B ™ A TR EE RS BE, R B2
FE BT s S BORN 7 (77 A, BN ) 8 o S A
PO 5 A, R B s Y AR AR e Ak 1 3 55 T
PR A A WAL
23 BEEMAFEEREEL

AN TR R R 5 kTR RR R Rl AV 2 5T A 114 i
JIN AR ZE ANl 6 R, tHIEl 6 AT LLE H, AR AR R
MG B2 T RIR R | ARSI | SRR B
IR B B 4 AN B Be . 7E N2 30, REAE i iz
F1—Ri AR £ AR AR AR, 2R 5 VDR,
X SRR R I R A A . BEE N T
BT, BEREE A SRV AR TR B B, TR B b, 1
A IRVl B i [V RS Y AP | M R <R LS S IV EAT N
VT ™ i e 3 , SRR B N 7 AR o T e 2
HEA AR B, SR 7 AR BAYE AR Y, B A Ok B 5
BE o SRS, BEFEIE AR B, Bl 10 T i kT, B
FE B T 77 A 2 WAL B T o DA 1 1 7 — vy 2 i
L LA Y, B G VR R 45 I 18] R0 R Rl A 2R O 80
BN, SRR IR 2% o B AR et i e, 3R

90 L AR
—— WA 120min oo
—— ¥4 240 min T
16 L ¥%i 360 min 30.9%
Q‘E ................
S12r
5
2 ol
4+
0 02 04 06 08 1.0 12
i A8/10°2
(a) YRS I [6)
2l JRAGHERE
—— 4 RIRAMIEFR
—— 8 RURREIA
16— 12 kAR [
. 0
£
sy TS
5
=i}
4+
0 02 04 06 08 10 12
JNiAR/1072
(b) R K

B 6 HEAEHy B 5k 5 Ay i R dh
Fig.6 Uniaxial stress-strain curve of coal samples

85



2023 4F55 5 1A

# £ A F H# K 551 %

V2R R 45 R R R P G A s B T 44, BV
oA T 2R B, 40 360 min R AARLE A 12
YRR IS, TR 04 17 =y A i 2 7= A B S 1 )
GEAR R, IR TR A N e R U A A A A
T P2 T 2R S . A, YRR 4 AR Al
IO A 11 0 S 9 B3 2 i N 2, SRR A 06 {1 1
T JUT-#0 BT 0 7 k9%, 2 B R ARE 2 22 DAME 1
BRI AR SR AR i b R R B 19.1
MPa, [ 25 VB 0 45 IsF 1) R0 R R 28 U B8 1 38
B BT e 5 B R RIS, 283 360 min W ARS,
FU 12 YRR AR 20 I, BEARE 1 BRL A 1 i B 4 531 oy
13.19 MPa Fil 12.51 MPa, 235 N T 30.9% £ 34.9%,
U VAR 2RV 445 R O A R 8 1 AR FLBR L 24P
SRS, S AR Y ST R B B TR AR 4G
I V) 1 R PG A U B ) B8 T T/

AN T YR8 2807 05 s 1) T R R P U B R 1
PERE LRI FL PR AL N & 7 iR . mIEl 7 T LA
Tt A I A A 2 VR R R 4 O TR R R R A1
YB3 T S22 30 5 ok B R AR R A, LA o

1.8 — 8.0
° o FPER S .
RN n FLIK .
1.7 fLER 175
16 = -
g R - 7.0
O1st R o S
i /o TN {65
Tl LTI E =53923¢ 000 =
:"é—-\- R*>=0.981 8 e SO R>=0.9845 Mo
= -a o~ 16.0
13+ . *
. B e
. " \ 5.5
12+ .- -9
11 1 1 1 1 1 1 1 5.0
0 60 120 180 240 300 360
VR 5 I 18] /min
(a)
1.8 — 9
e o FYERLE .
1.7k \\ [ }Ll}jﬁ, 3
e 1
1.6 R )
< SN m
@ L5 S N ©
= /o N\ 175
14 y=4.168¢ 0046 S L y=1.748 8e 000 g
= R=0.989 4 e R=0.9953 =
=13} o “y 16
/"/ \\\
12} . e
1.1 ] CJ 13

0 2 4 6 8§ 10 1
RERIEIA L
(b)
B 7 EAR B MR E Il R R &
Fig.7 The evolution curve of elastic models and porosity of
coal samples

86

RARR Py 2 i R 2 YR R0 4 R R R s R 1)
FUBR . ZLBREER A7 o BB VRES B[R] R R LG 2Rk
B, PR A0 R B TR, DR SRR i
TE IR A B, 3 R Y AR S R IR, SRR T
7SIV W IR P e 328 M B AT, o BBUREARE 1) S M A
WA

AL AL I 3 T A A g P A Y A R AR AF
SRR AL B R 2 8 B R EIO K 5, FLBR R K J2 2
P TV R 45 TR PG TR T AR AL IR & &, FLBR
AR FOB AR TRAE T R B K, LB 342 30 1 444
58, FLBARFZR MG A, 3 AR FL R Bl 2 T AU
S ST )RR R PR U 14 fin i 34

VIR i JRERE L B R B R TR AR &S I M
FEFL IR B, 3R IR R0 Rl AR ) L B 25 )
PR R I R RS X IR s P o X2 T
L O A R R Rl o AR P R R 22 D R I
(Rt A, 5 B 7 B 10 2, TR T AR 5 4 A
B o AR, R BB AR AE — i R 1R, TETRRL
()RR PEREZK RIS, LRl 2 2 85, DA T3S 5
FLBRR . A 2 Fh R 3RS S0 AR oo R
PR L B0 45 A 453 0 R R T B R R 48 R JREARE 1 48 40
PRI
24 BHENFZISFE

SRR A Bsf [R] =5 7 il 2R R 7R S RRAE ] 8
TNo MRYEIEAE AP & SHRRIE AT LB HAY R 3 4B B
KRB, T BRE BORRIZ B B

R BB, B TR B R BN, R
S RF R, BEBUERN, 7RSS FER
VBT REURE 2 8] () BE SR FNAH B I RS . AEX— B B,
o W AL B IR (4 75 R S R 2 T IR R
SR, X TR R 4G R A P ik A 1Y
LB AR PR 3 22, A 28t A8 L B 24 B R %
A, SEUEIM RS ZHHE T £,

Bl INZRIEA T, BRI A SRR R o B, SR
(A0 R B I, DA B i e HLA /D i dh ik
W8, iR SHRE TG TR IR, 21175 R SR
BORBRAN T b, 7R SHE S ATE BRBY B . 7R IX
— BB, R VR R 4 R R RGP I A ) AL B
BRI, BERE R e B e (A X R 2 W R A H S
SRR G 75 R SR DS, S BURIE R BEU KGR

ATHEOR T i W A RS AR RGP I SR Y e &
SR

Wit I S RP S N, SRR SL BB W i, 4%

Bl /N BRURH B 32 30 T B 2 WL 4B, 5 BORR A A



FEWRRA : WAVRE ARG IAE T R ) = et i e i 5% 2023 4E5 5 1
25 45 24
— B FAZUA B 40
2 — IREBAL = 120
— RBURAH 35 =
S 130 ¥ 416
= 1258 | =
= | = IR
ol 220 2 -E
1 ‘115 &g {8
11
SE 0 14
/ 1 5
L " el ' 0
0 100 200 300 400 500 600 700
EEIA
(a) RIREEIERE
25 40 120 25 40 120
— iy BB 55 — iy RIZIBNEL |
o HEEAR - o HEEAR d
20 L ?}&%Yﬁ » - 16 20 L #&%Vﬁ w - 16
. — RBURRE 30 & . — RPURER L 30 5
(=) ) (=) )
= 15t 125% 112 & =15t 1258 12 £
e 120% 2 e 205 2
= . VT E]R = g TE R
@ 10} RSB i |58 S w10} LR AL PP
st 10 8% |, s | RIEEL 10 &% |,
s t 15
L L " 0 1o P et O =l I L 0 1o
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Ff 8l/s S
(b) WHEEEE 120 min () REIFREEHF 4 IR
25 30 20 25 40 120
— A FIZL B — Ry FIZIM B
7*}@@4\& 4 25 7%%@%{ 35
20 X - 16 20 SRR " 16
— RPURRHL S AP 130 &
> ~ V{20 = =) =
= 15t Rl & =I5t 125= I &
f’f 15 :?_ 2 ﬁ o B {20% Z
; ki N = e K R
2 10} GEme /| =1s 3 w10} 1548 3
1 10 & X / =
S.E%Bﬁ&/ s ¥4 5L RENR 1108 |,
15
n n o il b 0 1o n - n | 0 1o
0 100 200 300 400 500 600 0 100 200 300 400 500 600
I 17 /s i A)/s
(d) WA EE 120 min (e) ARG 8 IR
20 o 30 416 25 = 20 16
8L — M JEIZAR B s B E
Ty L aErAR U B
16} *’&!ﬁﬁz .. 125 20t }Mfg "
— RBURREL s412 — RPUREREL 158 412
= 12t sl & =15 & £
512 @i = = = = =
i TR B 15418 S il TERRI By 10448 S
& 8f ' Bl 3 10} g | B 3
LS 10 X &l i ,\-;,‘; X =2
R R S| l {5 514
2 F
N L 11 .J 0 / A A ‘\ | 0
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
i 5] /s F (1) /s

(f) WA R 45 360 min

() MAHLEAHIA 12 I

B8 WA K AR -6 18] i &
Fig8 Curve of acoustic emissions-stress-time of coal samples
PR 119 R KRR, P A SR sl AR 2 BE IR R AR AR PR P i SRR A T R B D A,
TEIX — B BB 1975 A SR T B TS R, AR T R R R R IR TR
B (P B RS TE), SRBUS AR T 2 ERE R R A SR B T HROR R AR A SR8
AR T I0 55 K, BERE A 7S A SR 4% T R i B 20 3 2 WAL, JEURR R R SR B THE
{ELSR AL IR B RAE . FERLBY BEH, 20 R RS SRR R HIR TR B B Ry, B R R 4G I
87



2023 4F55 5 1A

# £ A F H# K 551 %

T3] R Rl AT B U RS T, LR 8 B R A IR B4 3
B 2R R R EE THEOZ /N, 12 T IRA
AR IR P S EUR R B FLBR | SRR A A 32, A Y
TR TR —E AR a0, 2 AR
BT A i, W AR5 05 B R BEBOR, SR
BRI 9 A i i s o A, i TR RS
IR Rl A7 A A T OARERE FL B A 2B 25 A ot 7,
FOBRE A0 LB AR R AL B A, BEAE A9 35 7K 2
I 2 JE 0, 7K A AR SR I % 3 koL B 1 AR
FH, Wk 1 g 4 ORI e, S SRR B Bk
FORSHIRFST 8/ . A3k 2 R R ILRIERT,
R 1 85 KR R SRR A T RO SR B UR R SHIR e T4
W TR AR R A o T AT R R B R S T sk s
R2 BHMARAERFRQITEAMRRE LGSR ITE
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Fig.10 Schematic of the damage analysis of coal samples
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