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Abstract; This study aims to boost the seepage capacity in the near-well area by the downhole heating so as to
improve the production efficiency of low-permeability reservoir while ensuring the sidewall stability. Taking the
second member of the Xujiahe Formation in Longchang as the subject, the effect of high temperature on the
microstructure, mechanical property and permeability of tight sandstones were studied. The samples underwent
thermogravimetric analysis, scanning electron microscopy ( SEM ), acoustic wave test, physical parameter
measurement, uniaxial compression test and permeability test after high-temperature exposure in the range of 26 C
to 1000 °C, and temperature’ s relevance to the composition, microstructure, mechanical parameter and
permeability were analyzed. The test results showed that the internal moisture of the samples was removed
continuously with the increase of temperature, and the content of clay minerals decreased by stages in the range of
26 C to 1000 C, which led to the decrease of sample mass and apparent density. There was a threshold
temperature at about 400 °C for the performance of tight sandstone. When the temperature was higher than 400 °C ,
the compressive strength and deformation resistance of the samples decreased sharply. With the increase of
temperature, more internal fractures emerged and the network size was enlarged, leading to the continuous growing
increase of permeability. Therefore, it is considered that keeping the downhole heating temperature above 400 °C
and expanding the heating range as well are conducive to improving the productivity of single well. The findings of
this study are of value for evaluating the wellbore stability and stimulation effect of single well while applying the
electric heating technology in tight sandstone reservoirs.

Key words: high-temperature heating; tight sandstone; wave velocity; permeability; mechanical properties
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Fig. 3 Thermogravimetric analysis results for the samples
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Fig. 4  Microstructure characteristics of tight sandstones after

exposing to high temperatures

900 °C, 1000 °C, XFik 5 HeidtkE MK 2] i 5 52 4k
FHREE IR 2 b 5 AR EF RS I E
Lo S AARFR

AN T A B S A A R A R S 4 AR
B s Fim, WER T LIE H, BERE M &, ol
FE BB W AR, 75 26~ 100 °C 2 400 ~800 C i J&
BIRRAREA B, X5 AR L0 W oK 5 A E
R AR R, YR E IR N 1000 °C, 5
HeRE B s Va Bl oA 1,083~ 1,189 g, i
1. 84% ~2.01%,

SR BUE ST BTk ) 5 B iR AR R L L
FESE T, S5 mE 6, B 7 s, ME AL
B R R | L R O B 0 T o B B AR A
TE 26 ~400 °C iy B, B (A B S AR %5 B 722 A AN ]
B, R WY AR R BB B A B A
b3/, FE 400 ~1000 °C By B, R A R b U5 B T
AW R, UL T A B ST R E TR ]
FREE A A R ik, i R R B R T o =
RS TR B A 0 B A0 A R B R I BRI R T



o T B ) B T S AR 2 B R BT 5T 5

R F O, % DAEARNABED =
59.5 - — . P ffa
—e—AH1¥fb
.\ +4“J§'#C
590 N —v— HREd
—o— ke
585+
Lo
iz}
=8
580
5151 \\\\vﬁ
570 1 1 1 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800 900 1000
17/ C

Bs5 AERESEEN XA

Fig. 5 Effect of temperature on sample quality

IR A A HE A K 23 2% 2 DL KR A 0 ) A A S A
KAERBUZIK (AR4kE, 2018),

268 —a— Fifa
26.6 —eo— HFb

—A— Hifc
264 | v B

AR /em?

T0 100 200 300 400 500 600 700 800 900 1000
e

He REARBERENXZR

Fig. 6 Effect of temperature on sample volume

238 —a
236, —e— & Ffb
AN —A— At

234 F S “
v— HFEd
232 —o— Bhfe

2.30
228
226
224

P FE/(g-cm?)

22
220
218
216 1 1 1 1 1 1 1 1 1 J
“70 100 200 300 400 500 600 700 800 900 1000
e
W7 AENEESEBEEN KR

Fig. 7 Effect of temperature on apparent density

2.4 RAEHNFERTL
2.4.1 RAFYOE K ik

R A5 A 5] T FE Ab B 5 B0 10 7 10 D0 0% I ok bt
TR AL (B 8), IR sk 3 Bk
FER AW B, MR K R 5 MPa, B A B[R A
SR RD B AT, 2T e [ A R A A% R AT
N I8 A0 3 O 4 (B, MRS B S R Y R AL B
A 26 ~ 1000 °C i B2 3 43y — A B Be. D26 ~
300 °C, W TESLB BE AR b BN, I K B
3.2~3.3 km/s P, XJEFNAE 300 CHREIER A,
AR B A K B v R AR VR AR (R R P
S TN O Y Data e 2. 7 QRIS TR W S B A P N
WHEAE, SEOEHEAZILAK; @300~800 C,
FERC I B, aURE U B R B T N W R AR, LUk
N RERPRORN WG R, R UE B 300 C B Y
3.2 km/s B & 800 C B A 1.9 km/s, F& IE 3K
40. 5% , XJEH T 800 C AR AE Py B AR 4k Bt 25 &
KB g K, B A S5 R Wy & R 0t O R 24 Ak
W 2% 75 11 5 3800 ~ 1000 °C [y B, 1 AF Ik o8 B f1%
AR X E SRR T N K BB
800 CHIHEATEIL, [UA DR B = il AE T 4k
SERE, WL R AL,

36

L
34+ - —o— PHE
32 -:‘H—:\o
30F
2 28
< 26t
i
.1§ 24+ .
=22}
20 F
[ ‘\0
1.8 3
1.6 1 L 1 L 1 L 1 L L )
0 100 200 300 400 500 600 700 800 900 1000

7/°C

M8 RKEKELSEEHKXZ

Fig. 8 [Effect of temperature on wave velocity

2.4.2 EA-EEEL

e L B D B R 4 K 2R AT 11 4K
g, B 3 YalHE, 4545 3 1000 C N iR
FER BN R ) T S P BE AR AL R AE . % R B &R
JE s A R Y I T - g A il 2 ok e hy, HLIA
PR3t 2 5 5% w43 B, 0k B IR R A R
e ARy - A2 th 2k (9) . 26 C Kl )5 b
T A Ny - B AR gk L AR ] Ay S = A B B
OISR B, WA e Z B m w46 & 15, WS



6

WR /155 http: //journal. geomech. ac. cn 2021

Ji A 2 K L B AR Bl 1) R 0 VR R 3% T 0 4 ik /)
FLRMG, TR B Ty 3G m A /N, i R AR B
B, RIFZE LI QR B, 7EE SR B
Je, VEAE R ) 5 R AR O LR R,
PR AR QR AN OB Br, 4 # i fr 2
WA E — el )5, A A NI bR AR BOR R 80
FEESERTREY kT, W& B — 20
m, Mk E R B, R R R R W
RSN W 9 AT LI Y, SR A TE 26~
1000 °C i BEVE G, Ho 4y — o A% il 2 0 {5 1V T
Pk RN . AE 200 CHE, BUERY A R IE(E N T
I 5k 5 184 1 4 R N, R S B B K T AE K 200 ~
400 °C [H] W 17 oy Bif 5 5 B8 A5 Bk sl s 400 C A,
B A IR ) T, BUB DA ) 42N g — g A 2 8
B re, HaTma FhBsh, R E Ik
BWTIEES . FESC B B BE K, T s B B 4
X R A M SRR W 4 1k

90

400°Cc 209°C
~

600 °C 500 C

75

60

45

i F1/MPa

30

WO Wik /el N - Rk R &
Fig. 9 Diagram showing the uniaxial stress-strain curves of the

samples after exposing to high temperatures

2.4.3 HBihIERE RBER S

i 26~ 1200 °C & i Ab 35 80 7 3R 35k BT R
SREE | UM B 0 AR A S RIE AT A (A 10,
BULL), R AT s B | oo A5 B IR T o
AR RS, AWM E SR,
DFE 26~200 CH, HAHNKEKRLIRE, 7
Wy e — 5 I K o G N B L B AT —
FOM TR B A PR A R A S g, TR LT B B BE S A B
JE . BUARTE fig ) B I B T A BT 5 2200 ~
400 C Bt, 200 CJ5 A W Y7 S iRAIEH T &
AR, RO T VR R URE YR W AR N

SLL0H TR) I A 2 6 AR AL R A BT T, Rk
FAYELE MY B R i g, ) e AR A
/s 3400~1000 CBE, FH 400 °CJ5, ik il bi
FRam B | A A B R B T N TR AR, HORLR
ARG, 254 SEM 45 R LM, XEHBEAN
WEMN I MER T RAMESHRE, HAK
HEBEARWE N, AR T R WL, R
SN W 1S i % 25 D) 2 M RE AR R Tk
PN IEAERT, PRt R Bl 0 e i R PR
T A

90 - o RRHE
'/i —e— FiYE
80 -
/‘ \\’/ ‘\;
| 4 ~__$ °
< 70 L ¢ « Tt
& T N
® N
e 60 | o
b .
® 50 +
40 |
*
30 1 1 1 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800 900 1000
A
K10 HAEFRHFUERESEEEX A

Fig. 10  Effect of temperature on uniaxial compressive strength

o RRME
ol . —e— PHE
P . .
NW!r/s\/f\‘
@ 8 >4
by M
o

6 L
i t
2 1 1 1 1 1 1 1 1 1 )

0 100 200 300 400 500 600 700 800 900 1000

yxe

KEREEELBEHX R

Effect of temperature on elastic modulus

" 11

Fig. 11

2.5 AEFEEEETH

VRIS T A Sy v (] %) B0 D A i R
TR B E RN, SiEERED SR SBE
R AL R A 12 s . Y R N AR
FE 300 C LA TR, HB@ERALLA AN, HE
T 400 CJIa, AR5 5 R T & AW,
AR w K,



%13 T &, % NHARWHBUE DA

o T B ) B T S AR 2 B R BT 5T 7

20F

wn
T

BiEZ/107um?
=
T

05F

0 100 200 300 400 500 600 700 800 900 1000
e

K12 BhERFTDEBERE Ml 4%
Fig. 12 Diagram showing the permeability curves of the tight

sandstones after exposing to high temperatures

TE 26~ 1000 Cyu [l N, B 553 R iR
JEAE AR A ML A R TR, s
(1) B

K=0.001 xT -4.92x10"° x T* + 6. 18 x

1077 x T° - 0.00389 R* =0.99162 (1)
ARXP, K—SEBBERE, mD; T—IMHEE,C;
RP—WAE, TN,

1000 °C /& it J5 1R 2 1 R AW 4R 0. 044%107°
wm® B E 2.31x107 um®, BB TR KT 52 £i5, 45
G e i T BUR D A A IR e g R BT 4 .
TEWEE AL T 26 ~400 C R B, BARIAFENI S AT
WAEIR AR T & A B Ik 5 800 i 24 48 R
X REB B R/, HIE 400 C UL T AHS
B KA W] WO 5 IR AL T 400 ~ 1000 °C By
B, TS A0 YR KR R BUE A N
AW A TR 2L DR ot RS R AR B A LU
RE, H L M 45 bE G IR i 3w, EER
EANWIE 2, a4 IR WG K, SRR IR
JE A FEB B RAWI N, ERL R BE K
2.6 itig

5T 1 T VR FH W 25 A0 Bl oW 5 4 B g S M RE A
SR W) R O AT A OISR RE, AL T
(2016) HEFE KB 400 CHiJG, WWUTH B E b5
F1%) WA {1 568 5 o 3R 14 8 1 B 40 B B A A A R
1E 400 C J5, B i UG i o B R Bl T R, DR UK 4
(2005) X5 A& A A5 3% AL AL BR AR T —
SE I B B R AR N Y AL R T R
B, BBERWHE D ER N, WIREERNZAAB
i R AR TR, R AN TE) A A 1Y ) 2

SR S B E A BT A, B R A R
ZATE— A B E R R, 25 B Ak B T % M
MR, A A A AL A AR e 2, it i
BUA AR WA S RO B, HRas R R
BB A B EIRE R 400 C AL, RS SEA
W FE A5 RANLT

3 #i#

(1) MFHAEFIRFEFE 1000 CIEF PN, PO FE
20 5] 20 200 L B U D o T I R T s N I
PIFRK A, K 0 9 & i oy B B b, i T s
BORE BT /N L B R AR, BUR W A TR IR AR
FHJE 21 53 109 28 f B X8 A 1 2 WY 3 5 50 R
AN

(2) #ALFHIE EAE 26 ~ 1000 C B, &R A
o A IR A Dl AE 300 °C i Bl R T A B
R, TR 2% IR B2 T v AN BT kO 4% 26 ~
300 C v [ R it e R R B L SRR R A —
WS, R LA BTSN, mifE 400 ~ 1000 °C
0 B N 2R AT, BRI 400 C 22 A 1R — D EUE
R 5 e A0 B R B PRI A il O P AR
A1 1P R Y AR AL B A, AR A O AL B b R
PR b S A TR IR AT R T B e BE RS A

(3) ML FEIR FEAK T 400 C B, aHE N R
FEWRFEAE AR BT A s i e 4 4 4D, BRI 400 C Y
FREB BN R LA W AR Y AR R T
400 °C, TRFE PR 2 4% X 2% it TR R 4 s, M ak
Bom AW 2, 2448 W4 BLBLR W K, S ElE
TG AR B RN W R N, LR S B IR R AS I
Ko 400 C 747 & BUH b #0515 M Bl I AR A i —
A BB PR T AT i BT B 4 T 7E 400 C
DL B IR IO A LA R T4 B E R R

References

BABADAGLI T, ER V, NADERI K, et al. , 2010. Use of biodiesel as
an additive in thermal recovery of heavy oil and bitumen [J]. Journal
of Canadian Petroleum Technology, 49 (11): 43-48.

CHEN L J, WU Z, QIN B D, et al. , 2005a. Mechanical characteristics
and cracking mechanism of coal roof sandstone under high temperature
[J]. Journal of Chongqing University, 28 (5): 123-126. (in
Chinese with English abstract)

CHEN L J, ZHAO H B, GU H T, et al., 2005b. Study on
microstoructure of coal roof sandstone under high temperature [J].

Journal of China University of Mining & Technology, 34 (4). 443-



] WR /155 http: //journal. geomech. ac. cn 2021

446. (in Chinese with English abstract)

DING Q L, JU F, MAO X B, et al. , 2016. Experimental investigation
of the mechanical behavior in unloading conditions of sandstone after
high-temperature  treatment [ J ].  Rock Mechanics and Rock
Engineering, 49 (7). 2641-2653.

DING Z Y, CAO D Y, WANG L, et al. , 2019. Study on occurrence
regularity of coal-based graphite in kekeng mining area in Zhangping,
Fujian province [J]. Journal of Geomechanics, 25 (2): 198-205.
(in Chinese with English abstract)

FITCH J P, MINTER R B, 1976. Chemical diversion of heat will
improve thermal oil recovery [ C] //SPE annual fall technical
conference and exhibition. New Orleans, Louisiana: Society of Petroleum
Engineers: 10.

GERAUD Y, MAZEROLLE F, RAYNAUD S, 1992. Comparison
between connected and overall porosity of thermally stressed granites
[J]. Journal of Structural Geology, 14 (8-9): 981-990.

HOMAND-ETIENNE F, HOUPERT R, 1989. Thermally induced
microcracking in granites: characterization and analysis [ J ].
International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, 26 (2): 125-134.

JAMALUDDIN A K M, BENNION D B, THOMAS F B, et al. , 2000.
Application of heat treatment to enhance permeability in tight gas
reservoirs [ J ]. Journal of Canadian Petroleum Technology, 39
(11); 19-24.

LI G, CHEN Z, CHEN Y J, et al., 2017. Study on the method of
relieving water-lock damage in tight sandstone gas reservoir by high-
temperature heating [ C] //IFEDC 2017.2155-2161. (in Chinese)

LI G, MENG Y F, DONG Z X, et al., 2007. Mechanisms and
significance of microfractures generated by microwave heating in
sandstone reservoirs [ J]. Petroleum Exploration and Development,
34 (1):93-97. (in Chinese with English abstract)

LIL, LINM Z, LIU K M, et al., 1990. Microscpic study on the
strength, deformation and fracture characteristics of rocks after heated
[J]. Rock and Soil Mechanics, 11 (4): 51-61. (in Chinese with
English abstract)

LIANG B, GAO H M, LAN Y W, 2005. Theoretical analysis and
experimental study on relation between rock permeability and
temperature [ J ]. Chinese Journal of Rock Mechanics and
Engineering, 24 (12). 2009-2012. ( in Chinese with English
abstract)

LIUJ R, QIN J S, WU X D, 2001. Experimental study on relation
between temperature and rocky permeability [ J]. Journal of the
University of Petroleum, China, 25 (4): 51-53. (in Chinese with
English abstract)

LIUJ R, WU X D, 2003. Discussion of the permeability increasing
mechanism of thermal treated rock [J]. Oil Drilling & Production
Technology, 25 (5): 43-47. (in Chinese with English abstract)

LIU JR, WU X D, 2008. Microscopic experiment of thermal treated rock
[J]. Journal of Southwest Petroleum University ( Science &
Technology Edition), 30 (4): 15-18. (in Chinese with English
abstract)

LIU S, XU J Y, 2013. Study on dynamic characteristics of marble under

impact loading and high temperature [ J]. International Journal of
Rock Mechanics and Mining Sciences, 62; 51-58.

MA Y S, 2018. Experimental study on rock mechanical properties under
real-time high temperature [ D]. Xuzhou: China University of Mining
and Technology. (in Chinese with English abstract)

MENG T, LIU R C, MENG X X, et al., 2019. Evolution of the
permeability and pore structure of transversely isotropic calcareous
sediments subjected to triaxial pressure and high temperature [J].
Engineering Geology, 253 27-35.

QIN B D, HE J, CHEN L J, 2009. Experimental research on mechanical
properties of limestone and sandstone under high temperature [ J].
Journal of Geomechanics, 15 (3): 253-261. (in Chinese with
English abstract)

SANG Z N, ZHOU Y S, HE C R, et al. , 2001. An experimental study
on the brittle-plastic transition in gabbro [ J ]. Journal of
Geomechanics, 7 (2): 130-138. (in Chinese with English abstract)

SHAO J X, 2018. Experimental study on the damage evolution of
sandstone under thermos-mechanical coupling [ D ]. Taiyuan:
Taiyuan University of Technology. (in Chinese)

SIRDESAI N N, SINGH T N, PATHEGAMA GAMAGE R, 2017.
Thermal alterations in the poro-mechanical characteristic of an Indian
sandstone-a comparative study [J]. Engineering Geology, 226 208-
220.

SU C D, GUO W B, LI X S, 2008. Experimental research on
mechanical properties of coarse sandstone after high temperatures
[J]. Chinese Journal of Rock Mechanics and Engineering, 27 (6) :
1162-1170. (in Chinese with English abstract)

WANG Y W, WANG Y P, MENG X L, et al. , 2019. Organic matter
pyrolysis  kinetics and formation permeability variation during
upgrading process of low-maturity shale oil [J]. Oil & Gas Geology,
40 (3) . 678-684. (in Chinese with English abstract)

WU G, XIE A G, ZHANG L, 2007. Mechanical charactistics of
sandstone after high temperatures [ J]. Chinese Journal of Rock
Mechanics and Engineering, 26 (10) ; 2110-2116. (in Chinese with
English abstract)

XU X L, GAO F, GAO Y N, et al. , 2008. Effect of high temperatures
on the mechanical characteristics and crystal structure of Granite [J].
Journal of China University of Mining & Technology, 37 (3): 402-
406. (in Chinese with English abstract)

XUE R X, 2008. Development trends of heavy oil extraction technology
at home and abroad [J]. Science and Technology Innovation Herald
(27): 25. (in Chinese)

YANG L N, JIANG Z Q, ZHANG W Q, et al., 2016. Mechanical
properties of sandstone after high temperature [J]. China Earthquake
Engineering Journal, 38 (2): 299-302. (in Chinese with English
abstract)

YE G Q, CAO H, GAO Q, etal. , 2019. Numerical simulation study on
the influence of particle proportion on rock mechanics characteristics
[J]. Journal of Geomechanics, 25 (6): 1129-1137. (in Chinese
with English abstract)

ZENG Z P, WANG Q J, LI J, et al., 2019. Study on seepage

characteristics of tight reservoirs under multi-field coupling [ J].



5130 T &, F NG AR A w RS BB SRR S B R T 9

Journal of Geomechanics, 25 (6): 1068-1074. (in Chinese with
English abstract)

ZHANG Y, WAN Z J, ZHAO Y S, 2007. Meso-experiment of fine
sandstone thermal crack laws [ J]. Journal of Liaoning Technical
University, 26 (4): 529-531. (in Chinese with English abstract)

ZHANG Y, ZHANG X, ZHAO Y S, et al. , 2005. Process of sandstone
thermal cracking [J]. Chinese Journal of Geophysics, 48 (3) : 656-
659. (in Chinese with English abstract)

Bt 1 32 5 2 STk

TiE=, WG, T, %, 2019. 8@ o 5 K4 R A B
MAARRTTE [J]. W22, 25 (2): 198-205.

AR, RAE, BAKR, 4F, 2005a. M TN D 45 AE = LT/ ) 2
Ptk RWOAHLEE [J]. HERREZEA, 28 (5): 123-126.

PR, Bk, BORTE, 4, 2005b. R U ED A 7E IR T oW
GMEARIIETE (1], P EOT MR, 34 (4) : 443-446.

A mSelE, HOIKME, % 2007, RDA A SE 2 O N B A 2 4
RIPLIE R X [J]. AR 5IF K, 34 (1): 93-97.

A BRVE, BR—d, S 2017, HbJZ R IR0 ER A B B0 DA UK
R E TR [ C] /72017 WA H IR S & EH bR &
(IFEDC 2017) #3C4E. 2155-2161.

Iy, MR, XREEL, 4F, 1990, AR RYREE | AR TR IR
PERROWATSE [J]. A L%, 11 (4): 51-61

ZRUK, WAL, 2Ok AT, 2005, A A0EE R T IR G R Y BG4
FHRIRBEE [1]). A0 0% 5 TR, 24 (12) 0 2009-2012.

XN, HRGE, RIBEAR, 2001, 5 BEXT 2418 35 K5 W 1Y 52 56 BF
go (1], AR (ARBEIR) , 25 (4): 51-53.

XN, RIEAR, 2003, A ARIEBHEVR [J]. AMERTZ,
25 (5): 43-47.

XI5, RIRAR, 2008, HAb BUA A O SRR BTSR[], POrs A
Repepdie (AR, 30 (4): 15-18.

FHRlE (FHERS) #RIREE (0SID) .
GEEICN R A S'e A s T L F i
VA R 2SR

LT, 2018, SIHFERAE A A S E R SL R pEsE (D] 1R
M P E R

BARIR, I, AR EE, 2009. 1K A FUED 55 5 TR 72 4 Pk 0 R 50
WFEE [J]. SR JsF4, 15 (3): 253-261.

g, FARM, T B2, 4, 2001. #EA AN -9V 5 1 B H R
PR B R e JE SR gy [J]. MR 124254, 7 (2): 130-138

AR4k B, 2018. #— 1 VB FH T b A B 40 i 24 v Ak A S 58 F o
[D]. RJE. KFEHT K%

IR, EBICEE ) A/, 2008, HLED A 85 R AR TS 12 200 3K
BAFsE [J]. AHANFE5TESM, 27 (6): 1162-1170.

F 54, RO, mAE T, 2, 2019, K ACRVE TA i A R A
SN RMEBEN (1] AWS KA H T, 40 (3):
678-684.

RE, TWEE, k&, 2007. @5 RG0SR (1], AA ¥
H5TR%M, 26 (10): 2110-2116

B/NE, B0, BRI, 2, 2008, kT A R A 0 Ak T AR A B 2
BN RESE [J]. T ES M K24, 37 (3) @ 402-406.

B 37, 2008 NSRS R B AR L [1]. BHEAIH M
(27): 25.

WALT, ERE, R, &, 2016, w5 HUG 05 1 S R T
[J]. #hsR T R4, 38 (2): 299-302

MR, W R, SR, AE, 2019, FURLEC XA A T 2 R AE B R 11 4K
EBESE [J]. MBI %54, 25 (6): 1129-1137.

MR, ETE, 28, 4, 2019. ZYMAEN T EUEEZ B R
PERFSE [J]. HUJTS124 2% 4], 25 (6): 1068-1074.

JRIH, sk, R HF, 4, 2005. WA RO SGE R [J]. shEkdE
4, 48 (3): 656-659

TR, JTRRE, BBHFE, 2007, 4R 5 B SR HE A 410832 56 B 5
[J]. LT TEERKS¥SR, 26 (4): 529-531.




