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Measurement of distribution of rock joint stiffness based on active
ultrasonic excitation

WANG Pengyu', YANG Tianjiao?, WANG Shuhong?
(1. College of Transportation Engineering, Nanjing Tech University, Nanjing 210009, China; 2. School of Physical and Mathematical

Sciences, Nanjing Tech University, Nanjing 210009, China; 3. School of Resources and Civil Engineering, Northeastern University,

Shengyang 110004, China)

Abstract: Goodman proposed to use the joint stiffness to characterize the topological behaviors of complex rock joint
interfaces and provide quantitative values for them, without measuring and analyzing the geometric parameters such as
roughness and contact area of joint interfaces in detail. However, it is difficult to measure the stiffness of rock joints at present.
Therefore, the piezoelectric ceramic transducer is used to excite the elastic waves of the intact granite plate specimen and the
cracked granite plate specimen in the laboratory environment. At the same time, the scanning laser Doppder Vibrometer is used
to monitor propagation data of the elastic waves in the plate. On this basis, the collected signal data of wave fields are processed
by filtering, interpolation, integration, etc., and the distribution of joint stiffness is calculated based on the Schoenberg linear
sliding model. Then, the joint stiffness is used to parameterize the contact behaviors of rock joints, which further proves the
feasibility of ultrasonic characterization of whole rock joints. By using the full-field waveform data, the interface contact
behaviors of rock joints are clearly revealed, which lays a foundation for further exploring the relationship among rock joint
geometry, pore sizes, interface properties and seismic characteristics.

Key words: rock joint; contact behavior; elastic wave; shear stiffness; normal stiffness

El

it

BT RN EE 5 o0 A EAEARSS, T H] 8 A

FACTTER . W SRR R SR AR A B IR
PIRIRT K IR KOO 22, IRER ORISR}
FAR RS 22 O U, oA a2 S
FRAE E EAFERRE . B Al fLE A
Goodman Z5EM5) N TN BEVE A — M S ECR A 3R
SR EL S R AMT NI N R e EE, METR
XF BRI LA RRAE S O AT VELE I E b . BEROKR

R SRR E T BT D01, RN ST R IR 5 B
W P2 (R e 23 A2 A 2 TR AEAR SR AR S, R T
A AR BRI TR U BT IR (A2 AL
A DM s A1 BUR AR BTUI R B RTIRN O, R,

ESWME: BXARRFEETH (U1602232); i mig HA R
5L H (N2101018); VLIRE HARAFHERESTHIH (BK20230335)
Wi B 2022-10-08

*i# {5 /& (E-mail: yangtianjiaols@126.com)



3 1

ST, A BT R A U 0 A RIS AT R T 663

B 72 2 A T BRI 43 A B L TR ANME

HAT, [ ANANE R 5 A0 1 H IR R &
IR 7T KREW 7. Kulatilake S B AN [F] Hb 2R
7 B R 2 PRI 5 A i) 28 ARG e =T B RN DT
PR, 3 5 A A e 4 AN B B e Y B 1)
I RE R BT G E, ST T B2 A A B 22 0
REHEFE Jiang FIF R T H Bhfal Bk i) B 55 2% & R
THENEH RS, LEENAE ek R R &R
VRIS AT AR, AR TE S PR3k 1 I 4% e
SEFTERBTYIRIEE . Nassir ZE043E T3 J0 38 0 2 50
LIRATER, PR T AT BT DI AR [FR,
ST ATV TS A AR AT N AR . Li 20
WFIC T B DR PRI I &2 o A 1% B B DRI B () el 471k,
FArHT T B VIR AN BT NI BE 22 [R5 &R

IR S SRR B A R RN A TR
TP EIRIEE, (HR A AR AR R, AR E
IR, PIME TR RAE T AN [F] 7 B 2
AT M. XTit, Hedayat ZFUSTR Ay Ak 5 il EAT ELBY
TRIG, [ B0 R e AR i R S S P A I R O
R 5325 5 08t HR W 5 S S R IR e S5 A 2 ) 1 EE B
DI . Lubbe ZEUIFEARFEEE T, A H kb s+
AT ELE R NI R BTOINIE, R 2 LR
FATEIEF AR . Acosta ZEUSV AT T AN [RIIN & R S6
5 TR 0 R S . R I B R dE
FRE T EINGT S, [ B R B S P .

S ok H R BRI B S R BRI, A SRR
56 = IREE T A H P 0 e B e A I TR gk
ATHRD, RIS SR A B0 234 il 3R 43 B =0
DR T N R AL 385, B EaR(E 505,
R 2 1 Vi R AR TR iR s I/ R I A T B AR
Wi S0, B B I R B T LRI FAR (020 A, AT
SCHLA A T MAT A A RS ERIE, BiEE AT
P 437 M A R AR R AT AT 1

1 RSN
1.1 REEE

A3 HE 7S RAE RIS R A R ST N 0.96 mX0.30
mXx0.03 m PIFER AR, %R 2750
kg/m?®, VARALLA 023, B IKRELEN 62.6 GPa. 1E S
F Sg 3t 8 M EAL (AN 1) S HL e 2% il gk
1T S WA P IR, SN 10, 30 kHzs I RIS
fif GO 2 B #hill PRI (SLDV) #HT3EEA 50
RENER I BV IS s8R, PR R8T
BARE 7 1R g sh e e 20 sE R A 4
YO 2 0.96 mX 0.30 m, FHH A ARWE 1 (@) Fiw.
N T RGO E T LA B R B s, K AR
FHREEYE /N A 0.34 mX 0.32 m X3, 48 SR

1 (b) Aros.

0.3 —
s ooa5a .

E

® 0.2

i

&

5

® 0.1

N
e oS5

0 0.12 024 036 048 060 072 0.84 0.96

HERE B BE fm

(a) SEEERFRE AT

0.3 —
S1 S4
C
202 D
t
e
ig 0.1
SS 2900000 SS
0 60 0.72 0.84 0.96
TR B /m
(b) A 5L R TS

1 AEREESRRS

Fig. 1 Distribution of scanning points on surface of specimens

N T PRAEBTE B I & RS E, ZOREEBORIE &
& 10~20 M, RAEKLAN 10 cm, 5
£ x J7 AN y TR R BRI 209 1 em, LA
Bl I® di s 10 A8 R A RS L EOR . )R
e AL U BT AR A Hh 52 bR 3 ) O 3R AT
oA, BHIRHEEE v AT SLDV WIS U B
S B I P SE B R vy, TERTIORIATE b I 45 S an
K 2 R o 3 HER I RE 88 015 5 OB AR 1 h SE PRt
RSSO 2, R R aeas 5 TS R AT

0.0015

— W
0.0010 —— WP
—~ 0.0005F \ A
'r{; | ,\\ ’f‘
E of | \\/
5 \| W
# ~0.0005 | ' y
-0.0010 V
-0.0015 s s L '
0 0.00005 0.00010 0.00015 0.00020
i A /s
0.0015
— WY
0.0010 - —— WP
2~ 0.0005 A / ‘
@ ANA
£ o\ | | f
i \ /
# _.0005 ,
-0.0010
-0.0015 ' ' '
0 0.0002 0.0004 0.0006

B} 1) /s
(a) f,=10 kHz



664 = +

2024 4E

0.0006

0.0004
#L
il
®

0.0002

0 so'oo 10600 15600 20600
f=Hz
0.0006 [
— WRHBOE
—— W B

0.0004
#L
il
b=l

0.0002 |

0 20000 40(')00 (Toooo
f=Hz
(b) £,=30 kHz
2 HE S FERIES It

Fig. 2 Comparison of excitation and propagation signals
1.2 RIEPR

A EA . S 0 MPa (158 B AR Rk 4T 4374
FEARAE RIS, W W T AR T R A O U
Y (B 7=E3-Bdss), Hh & B R
e vy, SERRAF RN E Hil . BRI
PRI F 1A 2 PRl AL B i 3 em KB L, 2R )5 LA=
RS T SR ZIE P SR AR TUE B, el
PR 3 P e B, BT HESE I AR e 2
J8, BRI P 24 A RSN, JE R T R AREUN L
(RPUR R X 55 B AN el 7 ) - R 0 MPa Al 3 MPa
St S AR R 23 A T B0 T B, o0
TEEPIIRANTT Mo SR AR T 75 306 3 MPa il ] B 7R
& TSR AT Al A5 R AR

3 HHEERE

Fig. 3 Fixing devices for specimens

2 HiEARLAE

BRIRIEAE 8 AR BT 05 T TR
(LA T 52 A S5 B BRI Eh BB S 2 A
{5l DR TG A OB 0.001 s,
WHIRATEA 10 KHZ HE 5230 (0BT 4198 A7 4
R S B v R v, B 4 7

Vy x10° (m-s~1)

i v 4
= 1 ;
’ _.‘\ X 0
ESis B

Sl 4

x103 (m-s1)

-5 4
S \J ‘ )
‘ . . —2

(b) 0.00012 5 «10° et

(¢) 0.00014 s «10° (m )
4

l-“""'ﬂ!lj

2
0
(d) 0.00016 s

4 10 kHz HEMERT S BSR4 R EIRT IR I v 71 vy
Fig. 4 Velocity fields vrand vy at different moments of intact

granite specimen with excitation acting of 10 kHz on $>
B Z N 30 kHz I 58 B AR B I A 13 R A 4
A FI ZI IR E ) ve AT v, TR 5 BT

:y)

(d) 0.00016 s

5 30 kHz HEMERT S: RSTER M AR ZIBER A ve F v,
Fig. 5 Velocity fields vrand vy at different moments of intact

granite specimen with excitation acting of 30 kHz on $>

WAy 10 kHz 3515 B R T 3 4



5 3 3

FMET, S ST SR B A A BRI A D T 665

5 4 DNASFI ZIE L v A, G016 BT

Vy

(b) 0.00010 s
x103 (m-s71)

() 0.00011 s

- x103 (m-s-1)

(d) 0.00012 s

6 10 kHz B ERT S B S TRt A IR ZIEERE S v F vy
Fig. 6 Velocity fields vrand vy at different moments of fractured
granite specimen with excitation acting of 10 kHz on S3
WA 30 kHz I 535 BRAF P A 134 5
TE 4 DANIFI ZI R v A v, A0 7 7R

Ve o
‘ ‘X103 (m-s71)

) 4

, 2

Vy

(a) 0.00009 s

(b) 0.00010 s

b/ x10% (m-s-1)
1
2
0
-2
-4

(¢) 0.00011 s
' \/ J x10%(ma/s)
4
- :
. 0
-2
-4
(d) 0.00012 s
7 30 kHz HER T S; R & HIRR G A RERZIFRE S v

*ﬂ Vy
Fig. 7 Velocity fields vrand vy at different moments of fractured

granite specimen with excitation acting of 30 kHz on S3

3 BRIESAIE

S0 S 0 S 5 AT A
N S RPN et IS EREp i E R L
Tl 2B SRS, TSN 10
KHz 11 30 kHz FOSUBIBTY o & B (R 1 4 D
Y B 1 24 B 24 M o b8 2 (3

AL ZE WK 8 FTos .
0.002
—— SLD V¥ HID £ SRR BB
__ 0001
£,
=
®
-0.001
-0.002 1 1 1 1 |
0 0.0002 0.0004 0.0006  0.0008 0.0010
i iAl/s
0.002
— {ES A 5 DR BT B
__ 0001
£
"
®
-0.001 -
_0'0020 0.0602 0.0I004 0.6006 0.(;008 0.(I)010
B A /s
(a) xH BB,
0.003
—— SLDVIREHID i S i BB B

0 0.0002 0.0004 0.0006 0.0008 0.0010

i iRl/s



666 N 2024 4F
L IIAGHIBEER . SRJE, FEREASIF RIS x T 1A y
0.002 T3 AL A R ) 2 0 REAT Ry, Horh AL RS Bk IER

=~ 0001} ORI R R TR LS LT TR, J8 i o AR
£ o B 52 R R R 10 TR
# -0.001 BRI RO MPa IE RS 03 MPa
-0.002 - XI.O_Q
_0.0030 0.0602 0.0I004 0.(;006 O.OIOOS 0.(I)010
i El/s :
(b) yJr B,
8 AN D RRMWBHREE U RETHEE R BLIEL R '
IR
Fig. 8 Original recorded velocities and velocity fields after F10 kHls )
bandpass filtering at scanming point D 13
F IR i PRI B I AR 3 T 4 R RT3 RS2 % e 3 1.0

Bl TR ELSI AR 5] A A 3 T R K

R, B R FEA A, 10X A /10 B 0 hoE e 03

FTHERALAL B Th SR HH B AR I AR A5 1 LU AR AR 43 48 0

s FERHTECA HE R RN BT R B R 2 HEAT DR B /=30 kHz

ReBE, e Ja BEAT —AEMT L RAOI AL, BRI AR
[ ATy BRI 3. (55 b H 2 e il AR T AR
SAMIALAE we A w, INE 9 PR

(b) 0.000012 s
9 ESNIBZ BRI uFl uy

Fig. 9 Displacement fields ux and uy after signal processing

4 TIEmIEMITA
4.1 TEJLAFRER

MBI 46 B S5 R AN R T 0.001
s, SLDV %£[A]& 0.000002 s 5 — it F & H R
BEE, R T 500 HEE. PR S e AT
RAMBAERB P2 ERNESLIGR, RS
X SRR P & S . Rk, AT SR EL R LT
AR, AEBEANIE a] (A B 2 B35 x 7 A y 7 g3

10 BFRBKERAFE (m)
Fig.10 Displacements of cumulative jump
N T AR RIS 2, E IR (] 18] B B odEAT {8 B -3
45 BISTURIB T AE , HSa_L (  T a #E 47 70 A7
IR BRI 1 window size = 5, FEMIRESET71
Bk 2 window size BN 1, FEARNMRLINE A A
LA KT jump lim 155, BEERAE PR jump lim B 0.5
X107 QSR HAAEAEBRER £, TSR A pehip i fE ik
ATACEE . AN SRAFAEBKER, DR BRER w7 78 HF- 35
B THEEE, BHEEATIRKOOHE duo HIME, 15501
R duy, B, FATARIRR duy, B, F25HKICKR duyy
A, BT THE S R, FFERE M S H
Rl A KT extreme val 51, #&H extr val = 1X
10°%; GERAFAE R 10 R pehip 4EAE #EAT AL FE .
UNSRAFAE o s, MR P R B 5ME . f e ox 8
PRUF R RAT RPNV BARAE x J7 1R y J7 A TR 0y, 4
HE fe/ME BRI Z8% AL B . B iR A H 2 5
Flre) 277 9 0 MPa 15 B T UART TR RO A 45 SR an & 11
JIER o 1B UART AR 1) E g gt A5 ) T B L
ATTRAR 73 A1 B 5E FE Al
4.2 TIENESHITE
FA L WSS MY AN AR R A B
filt, g SR VR AR s T B T LT T AR A B AR B AT i
(T s A P PR Vs P i DU S £ - 2 AR (b2 D 3
VEF R AT B AR i o
n-C:VuzK(§)-[[u]], Eel’ . (1)

Kb w WY n=n NWHRBLAEL: C=



%3 My,

S5, BET BB R U s A BRI R 4 A 2 AL 667

0121 & pwasw

OPW
O SW

0.08 -

y/m

0.04 -

0121 o pwisw

O PW

O sw
0.08
0.04 -

(a ) £=10 kHz

y/m

oc>

0.30

[ 0 PW+SW &
o PW
osw
026}
022}

0.18
0

y/m

02 04 06 08 1.0
x/m

0301 & pwiswP @000

OPW
O SwW

0.26 -

y/m

0.22

0. 18 1 1 1 1 ]
0 02 04 06 08 1.0

x/m

(b) =30 kHz

B 11 XL EREZ

Fig. 11 Reconstruction of joint geometry in specimen
AL®L +2ul, , b p AU A N R MR KL,
I, (m=2,4) ) m B pRiE Ak &, 452U M AR R
WHRERT S, [u]= . - u| AR R
%, K(&)eC™ 2 #LwﬁfeFMFMH%%EW
DRI, et g R AR 2R Je I 1 R FEE iR 1 B S i
51 I ABRER L 78 2 8] f SR B 2R 1 5% 2R

FTHEERTHLRIRAR, s kTR AR
P BE e e T PSR T A 5| DI FERER AL A, SR A
R B AR M BT, B AR A 2 MR A AR T R
ANTFHE AR BT GEIaD A=5| Jp R e GEla)D

BhERALF2 2 LL TSR A T B BT ) (Vm)) W BE 91 28
JURTTEAR 43 A o UGB 8 NASIAIAT B 38l F R i)
BRI FE FERCT AR, A TR A7 B BRI B 4 AT 45
Rl 12 Fin. BRI 5 MR R £
10 kHz F1 30 kHz F 5 B M 53 45

¥ BRI EE/(TPa-m™1)

y/m

0.24

0.22

0.20 -

BT YIRIBE/(TPa-m™)

=2 0 2 4 6 8
0.30 T T T 1

L — H
0.28
et
A HB
0.26 o 5

y/m

0.24

0.22

0.20L
(a) B R S50 MPa

10 K BE/(TPa-m™)
4 -2 0 2 4 6 8

y/m

B YIRIBE/(TPa-m™1)
4 -2 0 2 4 6 8

y/m

(b) #hE R F7103 MPa

12 PEERIE S
Fig. 12 Distribution of joint stiffness



668 "+ T OB % M

2024 4E

] 12 o] LA U939 10 kHz #1130 kHz B
FTERNIFE T A R AR — 2. ST B AR T Y
B 2 [ FLAR IS, BT AR, 5 B BT IR
JEE RNV 1) W FEE S50 38 K W% R Bl [l 2 VB R
RS A A, WK T HE R AR, SECTH
(0925 ) DI AR B ) 91 A 1 K, RIS, %59 mT BA
R 2 T LA TR AR 43 A o 158 %
Di3iAs BRI BE A A, S8 T T BB A A T A 4
JRBEERAL . SO TN R 7 5 R R G
5, SFFAFERESMETE. WZn RAAFER
MIBRPESE . M AT, W2 BE Bl 75 YR R e T
KRR BORRIAVER s 2 A TR 2 B Bl
FEURIBCZE I, AR AR/ N R i, AN T (SR
PHEARLE K. FULFEH s A ) LA R 1) =
gt DA ST B B2 2 A )V ST R A TR TR
EH

5 & i

TERIG IR T STHL T A R T ) 4
FERIE, BFILLF 3 fHL5E.

3 I = A MO 22 2 TR 5 00 e
S SR PR PR I B A SR SR, T2
VRS T V8 KR R R 2 2T EE LA TR IR LA K R 4
A7, STHLE AR B AT N K RAE o

(2) ST BRI T 1A B LT 2 [ O FLAR IS
3 TR AT A, TR DRI 1 I YR AT
SR 3o R P8 43 T4 B K 3 DA K 3
i A R A R P BRI AR A B S, T
S R S EL T 2 1 s R R
R R P T AR (3 — B

(35 SA T A2 Z R B 3 F 2 4 T BT R 4
AR R BOLAIR I, S35 B0 P 43 A PR 2
A SLHUR R 40 F AR, RS R R E
o 25 F S B2 W 4

SEH:

[1] CRAWFORD B R, TSENN M C, HOMBURG J M, et al.
Incorporating scale-dependent fracture stiffness for improved
reservoir performance prediction[J]. Rock Mechanics & Rock
Engineering, 2017, 50: 3349-3359.

[2] MCLASKEY G C, THOMAS A M, GLASER S D, et al. Fault

healing promotes high-frequency earthquakes in laboratory

experiments and on natural faults[J]. Nature, 2012, 491(7422):

101-104.
[31 PYRAK-NOLTE LJ, NOLTE D D. Frequency dependence of

fracture stiffness[J]. Geophysical Research Letters, 2013,
19(3): 325-328.

[4] GOODMAN R E, TAYLOR R L, BREKKE T L A. A model
for the mechanics of jointed rock[J]. ASCE Soil Mechanics
and Foundation Division Journal, 1968, 99(5): 637-659.

(51 FEER, RN AF AR G AT B BT U] 52 5
W) A LR, 2017, 39(12): 2312-2319.
(TANG Zhicheng, WANG Xiaochuan. Experimental studies
on mechanical behaviour of rock joints with varying
matching degrees[J]. Chinese Journal of Geotechnical
Engineering, 2017, 39(12): 2312-2319. (in Chinese))

[6] LANG P S, PALUSZNY A, ZIMMERMAN R W. Evolution
of fracture normal stiffness due to pressure dissolution and
precipitation[J]. International Journal of Rock Mechanics and
Mining Sciences, 2016, 88: 12-22.

[71 PYRAK-NOLTE L J, NOLTE D D. Approaching a universal
scaling relationship between fracture stiffness and fluid
flow[J]. Nature Communications, 2016, 7: 10663.

[8] PETROVITCH C L, PYRAK-NOLTE L J, NOLTE D D.
Combined scaling of fluid flow and seismic stiffhess in single
fractures[J]. Rock Mechanics & Rock Engineering, 2014,
47(5): 1613-1623.

[91 QIAO Y D, ZHANG C, ZHANG L. Numerical simulation of
fluid-solid coupling of fractured rock mass considering
changes stiffness[J].
Engineering, 2019, 10: 519-536.

[10] HEDAYAT A, PYRAK-NOLTE L J, BOBET A. Precursors to

in fracture Energy Science &

the shear failure of rock discontinuities[J]. Geophysical
Research Letters, 2015, 41(15): 5467-5475.

[11] XIHRK, F 2, % mekml LR FET =
YRS T B IR BT U) 2RV (0] 8 0 022 5 TR AR,
2021, 40(6):1092-1109. (LIU Richeng, YIN Qian, YANG
Hanging, et al. Cyclic shear mechanical properties of 3D
rough joint surface under constant normal stiffness(CNS)
boundary conditions[J]. Chinese Journal of Rock mechanics
and Engineering, 2021, 40(6): 1092-1109. (in Chinese))

[12] KULATILAKE P, SHREEDHARAN S, SHERIZADEH T, et
al. Laboratory estimation of rock joint stiffness and frictional
parameters[J]. Geotechnical & Geological Engineering, 2016,
34(6): 1-13.

[13] JIANG Y, XIAO J, TANABASHI Y, Et al. Development of
an automated servo-controlled direct shear apparatus

constant normal stiffness

applying a condition[J].

International Journal of Rock Mechanics & Mining Sciences,



3 1

ST, A BT R A U 0 A RIS AT R T 669

2004, 41(2): 275-286.

[14] NASSIR M A, WAN SETTARI R, et al. Joint stiffness and
deformation behaviour of discontinuous rock[J]. The Journal
of Canadian Petroleum Technology, 2010, 49(9): 78-86.

[1S]LI J, QIU Z, ZHONG H, et al. Parametric study on
near-wellbore fracture geometry for wellbore strengthening in
anisotropic formation[J]. Journal of Petroleum Science and
Engineering, 2019, 184: 106549.

[16] HEDAYAT A, PYRAK-NOLTE L J, BOBET A. Detection
and quantification of slip along non-uniform frictional
discontinuities  using  digital
Geotechnical Testing Journal, 2014, 37(5): 1-14.

[17] LUBBE R, WORTHINGTON M H. A field investigation of

image  correlation[J].

fracture compliance[J]. Geophysical Prospecting, 2006, 54(3):

319-331.

[18] ACOSTA-COLON A, PYRAK-NOLTE L J, NOLTE D D.
Laboratory-scale study of field of view and the seismic
interpretation of fracture specific stiffness[J]. Geophysical
Prospecting, 2010, 57(2): 209-224.

[19] Schoenberg, Michael. Elastic wave behavior across linear slip
interfaces[J]. Journal of the Acoustical Society of America,

1998, 68(5): 1516-1521.

[20] X4, RE W9, B RE, A BT RRIRER TS (K
PiBISR I SR M [I]. & = LR 2, 2020, 42(8):
1509-1515. (DENG Huafeng, XIONG Yu, XIAO Yao, et al.
Shear strength parameters of jointed rock mass based on
single test sample method[J]. Chinese Journal of
Geotechnical Engineering, 2020, 42(8): 1509-1515. (in
Chinese))

[21] POURAHMADIAN F, GUZINA B B. On the elastic-wave
imaging and characterization of fractures with specific
stiffness[J]. International Journal of Solids & Structures, 2015,
71: 126-140.

[22] WANG P, WANG S, ZHANG Z, et al. Reconstruction of
fracture geometry in material medium by elastic wave[J].
Construction and Building Materials, 2021, 287(2): 123001.

[23] WANG P, WANG S, YANG T. Spatial distribution of
mechanical parameters along a fracture interface[J]. Soil
Dynamics and Earthquake Engineering, 2022, 157(5):
107222.

[24] NGUYEN T P, GUZINA B B. Generalized linear sampling

method for the inverse elastic scattering of fractures in finite

bodies[J]. Inverse Problems, 2019, 35(10): 516-532.

(BXIREFHkR) BITRE

(TR QT 1979 48, ZWEKF LA,
Ji%Es B KL SRS EE MR S E AR
FHEGUT . rsUKMBRER SR TR, BRI ATFRAT. &
BRE T AR AU Re R A e R AN SEROK
P RIRHEART SN TRESEBSCR S o fRIEHE IS BrHoR. B
A OFTRPRHRORIT SRR F o WA [E 53 B SRR A R I H B HiA
LI H A TR R AR 3RS, 8 Al Sk B e 5
F R, IS TR X Sef b 2R HA SO ER bR ZR3R

AT A E A SOZ O] R EREET SCEERE (CSCD)
Zob AT A E R R LA T . AR Tl “ TR Ei
Compendex $(i "7 “Scopus ##i P 7 45 FH Br i FEdick . A
FiI'E M (www.cgejournal.com) 2= SR AT AT A Rl SCE, “H

A7 “TTTTI 7 YRR A SCBCR AT

AT TR EAREF . KRB, Zlisk. 7R
SR BHREAT I W B 2 5 A TR R
Wit L. MEFIES NG

ATIAAT, A4 TFAR, BREHERR, 222 U1, 4] i) i,
FEWE M 40 T, RFEMN 480 TT.

A [ BrARiE TS ISSN 1000 - 4548, [F 48 —Fl 5 CN 32
- 1124/TU, HA RTINS 28 - 62, HAMEATAS MO 0520,
S RS 4 [ A i SR VT, AT R SRR AT I CR
OB 2D o JmfBERiT Wt : P RTPRIE G 34 5 (A L TREEAR)
R MB4w: 2100245 BEARHIE: 025-85829534, 85829543,
85829553, 85829556; £ H : 025-85829555; E-mail: ge@nhri.cn.

CAS TG BT D





