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Sructural damage effect on dynamic shear modulus of Zhanjiang clay and
guantitative characterization

KONG Ling-wei', ZANG Meng" %, GUO Ai-guo®
(1. State Key Laboratory of Geomechanicsand Geotechnical Engineering, Ingtitute of Rock and Soil Mechanics, Chinese Academy of

Sciences, Wuhan 430071, Ching; 2. School of Civil Engineering and Architecture, Wuhan Polytechnic University, Wuhan 430023, China)
Abstract: The Zhanjiang clay is akind of sensitive clay with high structural strength, whose failure envel ope has a significant
breakpoint when the confining pressure reaches the structura yield stress. The resonant column tests and CU triaxial tests are
performed on undisturbed and remoulded specimens to investigate the evolution rules of dynamic shear modulus with confining
pressure under small strain, and the characterization method for dynamic shear modulus considering the structural damage
effect is also discussed. The results show that the values of G Of remoulded and undisturbed specimens with the confining
pressure are different: the former can be well described by the formula of Hardin, while the latter increases initially then
decreases; and confining pressure a the the turning points are higher than the yield stress, however, the turning points of the
ratio of shear modulus to shear strength or the normalized shear modulus by the void ratio function with confining pressure are
close to the yield stress. The reason is that the values of Gy Of the structured clay are influenced by both the positive effect of
compressive hardening and the negative effect of structura damage, and the former is predominant when the confining
pressures are less than the yield stress, otherwise it is opposite. Focusing on the deficiencies of the formula of Hardin without
considering the structura damage effect and difficultly extending to the extreme stress level, awidely suitable expression mode
is proposed. Based on the change of static rigidity and microstructure of Zhanjiang clay with consolidation pressure, the
physical mechanism of influence of structural damage on dynamic shear modulus is illustrated, and the rationality of the
proposed formulais confirmed indirectly.

K ey words: Zhanjiang clay; dynamic shear modul us; structural damage; resonant column test; modified formulaof Hardin
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Table 1 Physical and mechanical average indexes and grain-size distribution of Zhanjiang clay
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Fig. 2 Stress-axia strain relation curves of Zhanjiang clay
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Table 2 Shear strength parameters of Zhanjiang clay

g S e I Sk JE s
c/kPa  ¢l(°) co/kPa 0d(°)
SR+ 75.6 5.0 39.6 9.1
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Table 3 Vaues of void ratio e and maximum dynamic shear

modulus G Of Zhanjiang clay under various

consolidation pressures

R SR+ HIE+
kPa  ALBREL i LB i
e Gna/MPa e Gna/MPa
50 141 23.81 — —
100 1.38 29.76 1.05 17.95
200 134 35.97 0.88 31.95
300 1.30 41.67 — —
400 1.24 47.85 0.74 55.55
500 1.16 51.55 — —
600 1.08 54.64 0.67 75.76
700 1.02 53.48 — —
800 0.96 51.55 0.61 92.59
900 0.90 49.75 — —
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Table 4 Fitting parameters of undisturbed and remoul ded clays

PAESH AMPa B n ke n A W BRAE/M Pa R
JECk 28.45 0.1002 0.5517 0.2953  0.5434 4.399 83.84 0.9957
I 12.48 0.1480 1.1010 — — 84.32 0.9997
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Fig. 10 Shear modulus G,»/F(€) and confining pressurelgs
relation curves of Zhanjiang clay
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Experimental study on discharge capacity of prefabricated vertical drain
considering interaction of PVD and soil

ZHU Qun-feng" ?, GAO Chang-sheng™ % ZHAN Xin-jie" 2, ZHANG Ling" % YANG Shou-hua® % MING Jing-ping"?

( 1.Nanjing Hydraulic Research Ingtitute, Nanjing 210029, Ching; 2. State Key Laboratory of Hydrology-Water Resources and Hydraulic
Engineering, Nanjing 210029, China)

Abstract: In order to study the practical discharge capacity of prefabricated vertical drain (PVD), anew apparatus is devel oped.
The laboratory vacuum preloading model tests, surcharge preloading model tests and direct filling tests are used to produce the
PVD-soil eement samples, and the discharge capacity measurements of PVD-soil element samples are conducted. The test
results show that regardless of using the direct filling tests, laboratory vacuum preloading tests and surcharge preloading tests,
the discharge capacity of high-performance PVD is higher than that measured by the current specification, and that of the
traditional PVD is lower than the value measured by the current specification. The results by the current specification
overestimate the discharge capacity of the traditional PVD under vacuum preloading. The comparative test results reved that
the discharge capacity of the high-performance PVD under surcharge preloading is dose to that under vacuum preloading, and
the discharge capacity of the traditiond PVD under surcharge preloading is higher than that under vacuum preloading.
Therefore, for the newly dredged soft soil reinforcement project, when the settlement of soil is large and the consolidation
period islong, the high-performance PVD should be preferred.

K ey wor ds: high-performance PVD; traditional PVD; new apparatus for discharge capacity measurement; element of PVD and
soil; model test

0 3l =

SR KA R HE K [ 450 R o SR 1 HE K A
Bl H AT R 38 HE ARG % LAASER R A R HEA T
o335, HRL AL B C BIHEKHOH 55— %4 10 cm,
K E KT (15~40) ocms, JEMZUFALIE<TS
um, JEATBIERZBOCT 5X 107 cnys, XL HEK
B CAE L I TR rh e i Y, sk, BEAE
BORJEHBIE AL BE TR H 258 2, TREFOGHE AR M fg
TFIE T 2%, WifE— S E B E K TR, AR

UEHEABR I3 AHEKAE AT, 3 R A e PR RE R
AR Rk A SR HHE AU OR3P i o
KL OWREBEEDCH, OBAERECR G & T,
RPER o ) I e P e HE AR AT S R AL AR K T

EE®THE: AKFBA AT R 2 2% B H  (201401006);
W BUKRIRFERFI Bt i R 24 35 Mk RHIE ¢ T RS A RMIF Y 45 21 5 1015 4
HEAIH (Y316004, Y317007); #55 T 55+ THHE MME S
T34 (2017P02)

Yrs HHEA: 2016 - 10 - 26

*WIVEE (E-mail: xjizhan@nhri.cn)


mailto:qfzhu@nhri.cn
mailto:xjzhan@nhri.cn

o512 1 KRR, 2 %

FE A EAE T I HEARBOE AR PR IR T T 2159

HEAMC o HEABGEAD 35 R LA ML DO R E 2R
bRy ZIRARE S TREBORN SURGE MR T 20K F
ML RS20, —BORUL BUMISERALE
T RES A SLBRKTCIE Rt AR AR R LAR
Dy A L ORE L e AT JE IR ARAE HE R BCE R A, L
HERWIAKE, SE/KAEST P H AT EHE KB
I E DEAT RS E/N T 75 pum, BRI BRTE (FEE
HEARTEBORIAL) R HE AR B AT S R LA 2N T
100 pm, i ek BEHE AR BEAT S R LR 2 /E 80~150
um 2 Ja) CO A AP ZR0, Vet
LA L ORI ALK HE T AR B AE HE KR
g rht,

ORI K BE D R LB MR Re bR, X 4n
I ¢ R ] 2 R HeE A1 H Rl KRR
BT HUREHE K B /K SR VAT R e R M £ 1
FUBHE, TN 350 kPafill [k Fy, SRR K
R A B RS T IE M, RS K
R, 25 EFLRREE, SRS MRS KRS, L E DAY
TCVEHG PR A LA R HE A 37 4 SE B E /K BE
T30 AUAET LD L TRAE AT 5 (AR RE TR
brs FHH HEKRRBE AR SR A A, K
fi L AR o A% B T AR P 1 HE K AR K
G RARWARE, Rl B g A
SPB MRS A /AR AT iy 1k BEFE AR o

AR SEA AUBT T TR FIR ZKARCE 7 = R (X
#%, BJRIE I 3AIANF VS (LA PR B . HE
PP RIG . FERER e ISR ) e At ooiA”
R, SRIADFRRIAGER I “ Bt ootk s HEKiR
M KR, G5 I CHE AR AE R S s T 00 K K PR fE o

1 Hek Bk E M HFILEE
1.1 BITMIZHE KRB K E MR ES
BUAT HURE A HE ARSI A R IR (S8 P 1 o
TR T A AR S MU SRR, e e s ol
JE 77 (350 kPa), ATTHEHIKE KA, FREFRIK T
BAEE i=0.5, SR Ja G K. %I E R
AHEAE I DA AR S (5%
Kk

5]

Pk
E 1 MAMPZHKR KNI EF
Fig. 1 Measuring apparatus of discharge capacity of PVD in

current specification
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Fig. 2 lllugtration of new measuring apparatus of discharge
capacity of PVD
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Table 1 Physical properties of soil
BURE % 5/%
>0.075 0.075~ <0.005
mm 0.005mm mm
275 548 24.8 30 7.6 44.9 47.5

A O 7 21 R <1
Gs  W/% W% R,

() FEHAM

(b) FEtE AR
3 LB HE KRS 14 a8 2B HE K AR
Fig. 3 Traditional and high performance PVDs

X PR KO R BEAPERE I, M7 V4
S (LA BRI (SL235—2012) 1,
WA WL 2, 3 Fn. MERF AT, #HEG T35 5
BHIEKB, St REHE KRR A Thrm E m .
Ko VERSHURIBRIE E, SRR . AR i
DAL 21 5 1 REHE K ARCFA [ A% SPB-100 Z4HE 7K B 1y i
K435k 90.9 cm?/s il 38.2 cms.
2.3 ETMERLTETERSE

BT R WA [ [ U7 5, B i

R ERITAR” ARSI B BTN S . AR TUR MR

Ttk GRFE B BT Rt I
TRRAERNRS, B0 2 o fa DUHE A CR oy, ICEAR
KT 150 mm, #=5E KT 450 mm (AR Ryl gt
HEARBC) “Be B ootk ” ol A& A R I
HAEFRE 28, FAN 228055 T 1 E A B i B AR
150 mm, & 400 mm, HEKHAKE 450 mm (B

FELEAAER 25 mm) (FAFE . BOPE A AE R T rp 4
B[N S S(EIMRE AN N7 R 1IE /e B T o vy N S B N
TR E IR K BRI T HEARRAL I, DL
HEAKRES il AR IBEABA AL BT BURE]
o LRAEI O A T, AR5 TR/

4 A=FEREREREE

Fig.4 Illustration of vacuum prel oading model tests

BT ARRES (il 4 fro) ok 44,
BB R R RE/EANE (HEAS 730 mm.
1200 mm) HIFERES K T5%IA R, HHE 10d )5
He R BT, fiRLyifi, {EiFeRinis
oy Autdive 4 iRHEKAG AL 7 om B EZ . HEK
B i AR AR, B R AP EYZ T 15 em. i)
BE B — 2Ry G aa s B b E R TR
2] 25 ecm MR, S LIRS R iER:. B
EARE a1 VEE  RS e W By G Y B N BRI A/S
e KERL.

WA WA SE R T [ 45, s I m R
T, ROk 2 7 HE KRR B B TR« AT, i Rg
W I R . A PRUE N SOR,  SORAT S 3 B
¥m (33, 60, 80kPa), HHBhIEHI RS AR

% 2 SPB-100 BYEB R HEAK IR B A RIE bR
Table 2 Basic characteristics of SPB-100 PVD

ERERAN T
LR (VA P=REg A TR PP BB
Ry i p=Redux(i JEJE BIERE ERIE
g PR T RO o
] /mm /mm KK /% ] /mm ] ] I(cmes ™ /mm
I(gm™) /kN I(gm™) I(N-em™  /(N-em™®
88 4.0 98.5 2.94 9.4 0.37 31.2 225  116X10°  <0.074
FEAiAE 10% KR 10% KK 15% Ogs
% 3 SRR EERHIK R E AR RIE IR
Table 3 Basic characteristics of high-performance PVD
ARG VI
PAY
B Sk gl | BRI sEER BREES 85 au
JE R o ﬁﬁ Pri g %% e SR P ES 0 fL#z
I(gm™) /KN % | A(gm?) J(N-cm™) /(N-cm™) I(cm's™Y) /mm
117 4.4 102 4 30 126 0.39 63.2 60.1 8.5x10°7 0.1
FEAiAE 10% KK 10%  HKHK 15% Ogs
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Fig. 5 Applied vacuum pressures during vacuum prel oading
model tests
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Fig. 6 Settlement versus time in vacuum prel oading model

tests
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i TEAUNZE 4 RN o
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Table 4 Final vacuum pressures and consolidation settlementsin
vacuum prel oading model tests

B AR WY R4TRER
=i IkPa J& 4 /mm 1%
1 60 182 16.2
2 80 239 214
3 80 281 25.6
4 33 130 11.7

2.4 HEHTER L BTG &

e TR ook GREE W& ik Bk
TE IR WA e HE 2 P AR ARG, 56 45 R AHEZK AR R
HLy, BUE AR KT 150 mm, & KT 450 mm i) k.
AN 22955 TR, ¥ PSR E AT 150 mm, K2

400 mm, HEKHKE 450 mm (R KR L AR K 25
mm) AR IER GRFE) . e “Msonik”
TRFE A E M s, IR K & K.

HE BT RIS A S AT 3T (4% 680 mm,
e 780 mmD), i 338 i AT AT 2 K2 [ 454373 G it in
Kl 7 Pir). HeAefdh s KE 75% ek, 7=
WL ERE A S BRI . 7E AR A
W AAMRHEKIR (3R E ik BEARCRT 1 AR mARD, T &
2y 10cm JEHPEE . WhHE B e, R B E
NOREALARTHEK . sy 5 Eg (L6, 22,
50, 80, 107 kPa) it Ikt Syt e bt i o HEZ P AR Y

B 7 HHEHERERETEE
Fig.7 Illustration of surcharge preloading model tests
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Fig. 8 Applied pressures during surcharge prel oading model tests
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Fig. 9 Settlement versus time in surcharge prel oading model
tests
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L, Q Hil/KE (em¥s), V A t I B Py i HEAK b
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4 NGRS
4.1 EFEMERHKIREKEXELER

T T Al 5 B R S 2R 2R S o
"1, "2, "3RG AIITIE 2 AIEVERERCR 1 419550
AR, "4 BRI f v A PR 4 AT, i 45 A i
AL TR EIRAS, TTZBCREAN D) EI IR+ 73 I AE,
HUFRE 12 st e ORI 1 45 Al

R 5 AT 25 AR Ny, v REHE KRR E
IR B iy Tl HE KA . 6 T PR HE AR, ARy
ith % (7.0%~25.4%) %} 38 7K F 45 5 ma /s (150.5~
176.9 cm*/s) o Ao T HEAKMR, MRARZS 2 0 E K
A B KA Hh#0 4.3%I0, HIBKE A
17.2. cm¥s; 4HEKEES Ry 24.5% 0, I K i
K4 9.3 cm™/s.  BL2S T I J 8 HE /KR ) 308 7K B 2
(8.5~17.2 cm¥/s) AKX T MFERK 45 5 (38.2 cms,
SL 235—2012),

=5 ETEHERHKRBKEREER

Table 5 Discharge capacities of PVD by vacuum preloading model

tests
e 1 B HEKBRSERR  MRZS K
[EELERNE (28 GiRI%  KJElem  #H#E*% [(cm®s?h)
1 AP RE-1 16.2 434 78 1552
1 R RE-2 16.2 43.0 70 1769
1 Sl 16.2 53.0 24.5 9.3
2 AP RE-1 21.4 45.4 11.9 1505
2 R RE-2 214 53.6 254  160.1
2 LS 21.4 47.0 14.9 85
3 P fE-1 25.6 455 121 1531
3 R RE-2 25.6 53.5 25.2 164.2
3 Sl 25.6 48.8 18.0 11.0
4 EkfE-1 11.7 415 36 1743
4 LS 11.7 418 43 17.2

e AR R RARHAIR S fh K (IR K E-40em) SR KR L.
4.2 HEFFEEHKREKEIRIEGSL
HER TS Je HEACBOE /K s A S R Ak 6 s
I ALINB 2 AR Ik BEARORT 1 AR A AR
=6 WHTEFHKBKEREER
Table 6 Discharge capacities of PVD by surcharge prel oading tests

HEk AR B SERR T B e iﬁﬁij
1% /em 1% I(cm®s™)
i PERE-1 25.9 44.0 9.1 156.7
P RE-2 25.9 50.3 20.5 146.7
SLBG] 25.9 43.8 8.7 25.3

Ve AR R R HEANCS MK (SRR K EE-40 cm) H5sEprKEZ H.
PR 6 mI5n, 25 fh RN (8.7%~9.1%),
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st BEHE KB K B (156.7 om™s) i -l HEK
W (25.3cms).
4.3 FERREHKRBKERNLER
FEREN e 5 HEAK BB AR £ R U1K 7 P
L RE EGE K BN 112.8~133.6 cms; W ELARGE
AKEh 617 em’ls, LA 2k b i 1 B0 K 5 1
50%. A AEHE, L REHEKBOE KRR,
F7 RERREHKIBEKERKEER
Table 7 Discharge capacities of PVD by slurry filling tests

MK Hokboka Eaeme K

/(cm™s™)
R RE-1 HR — 120.0
R RE-2 HR — 1336
R RE-3 HR — 112.8
-1 HiR — 617
R RE-4 N 15.3 110.4
T RE-5 N 24.9 92.8
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Fig. 8 Discharge capacities of PVD by surcharge prel oading tests
and slurry filling tests
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Abstract: Anisotropy has a significant effect on the strength and deformation characteristics of granular sand. In order to study
the macro- and micro-behaviors of anisotropic sand, a series of numericd triaxia tests are performed on seven specimens with
different bedding angles using the three-dimensional discrete element method (DEM). The approximate € lipse-shaped particles
are generated using the command of clump, and a 3D rolling resstance model is implemented to smulate the local rolling
resistance between particles. Good agreement is achieved between the present DEM simul ation results and previoudy published
experimental results. The relationship between deviator stress and axia strain changes from strain softening to strain hardening
with the increase in bedding angel. The specimens with smaller inclination angels are more dilative and easier to reach the
critical state. The combined invariants representing the relative orientation of particle orientation fabric tensor and stress tensor
can approach nearly to -1. Their fabric anisotropies of particle orientation increase first and then decrease. However, for the
specimens with higher bedding angels, the critical state cannot be reached even when the axial strain reaches 50% and the
combined invariants are much larger than -1. Their fabric anisotropies first drop and then continuously increase. For the contact
normal based fabric tensor, the principa axe rotates instantly toward the principal axe of the stress tensor, and the evolution of
fabric anisotropy is similar to that of deviatoric stress against the axia strain.

K ey wor ds: anisotropy; three-dimensional discrete element method; granular soil; critical state; triaxial test

M acr o and micro-behaviors of anisotropy granular soils using 3D DEM simulation
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Fig. 1 Schematic diagram of generation of ellipse-shaped particles
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Fig. 2 Mechanical responses of contact model
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Fig. 3 Grain-size distribution curves
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Table 1 Parameters of anisotropic sand in DEM simulation

R [ PR B OGRS B H
ok ¥ H 20000 Z: 47
0K K4 A9 Ay 17
SORLIL [ A I e (N 6.0x10°
WRZH R BRI ky(N-mY) 4.010°
R 3o P AR P R 0.2
B )3 AR P R 05
UKL UL 2 R KL 0.2
F PR [ BRI K (NI 6.0<10°
BRSHC BRI BRI kKJ(N'mY)  4.0<10°
05 i I P 0.0
—n EEJES 100 kPa
REZH A5 R 3%/min

4 EMHAEETRFNE
4.1 NEFHMH

B ) S e B EOTAR L I S R R E S E N
BRI 45 FU6F L URFFT LA B0 L A SO R I Lam 253U
BT AR 5 N =2l PR 4 AR 6 45 SRh s e Rl 4 kAT
XFE . B 6 () = RS 1IN AR i<k, & 6 (b)
h B BT BT AR Y A AR R = R 4l R
BOTHLI S I R BB DA d 138, IkEIE
(RN, 7328 k]S, L34 27 i I 2289 Eh Y AR B Ak
AL i s RERI AR BY DA RN . B UG RE
Pk 5 =5 RIS 48 A — SR IR A B oG iR
il B (R 35 1) S PRV ) S P AT S

K7 () I 7 (b) 235k % N R0 M 3 TS
FOLA S i) S Pk P D U (T P JEE A £ LRI 4 P R A1 L
BEVCRR A AR AR, b, FAj o 20l d =0°
IR IR AR R R A P B B A . T 7 (2D T, &
PRI A B OGS IR, BEd K, 1N
JEERE A LA BN A, 2 d >60° B, WA Py EEEE
FLCEEALREEARAS . i T BTN AR 2R ek 4%
M BCEA — e sl , DR AR SOk B ) 3 AF - 35%~
AS%I1) N BERR A1 T (A A e A P BB A o T 5 AR
BN B AR N, ) - AR R BoRsE A HE
FaTRE, AR SCERECGL N F) - NAR f ko — 4
EAER AN EE M. WA 7 (b)) iR, B EUTER)

SiREW]: d <30° I, BhAT N RS A ELAR LD,
5 Oda %51y 5 PRI G5 R IEA B 4d >30° I,
1t Oca 21311 5 Py iR 45 b, B A P9 R A0 LR AL
/s, Lam 25PN 5 gk 5 AR SOBEALLGY SR 3 IR A
ORI RSE N, B N R R W T

500
400
N
S 300
5
E 200 —=—5=0°
—e—5=30°
—A— 5=60°
100 v 5-00°
. 1 1 1 1 1 ]
0 3 6 9 12 15 18
I B2 €, /%
(a) ERRHEEY
5
i
§ ‘ b s RS> < é’;‘»’;"ﬁ':"\;-”*-"gi
R S —0—5=0°
] 200 f 5400 —o—5=15°
& [T ——§=30°
100 [ 200 —— 5=45°
100 —o— 5=60°
——8=75°

0 3 9 12 15 18 > —0()°

1 1 1 gﬁ v]ﬁiéﬁ.s./%. 1 1 (|3—90|

0 5 10 15 20 25 30 35 40 45 50
Bl B 6, /%

(b) BHOTEEY
6 ERINIE R EHITELI 71 - REXRFRI
Fig. 6 Comparison of stress-strain rel ationships between

experimenta and DEM simulation results

121

= ERAREY
- o FEHHRK?
SUE o pHouHE
§ Lops 8,
= s .
g 09 e o o
0.8 1 1 1 1 1 1 1 1 1 1 J
0 10 20 30 40 50 60 70 80 90 100
YUBUA 6/(%)
(a) U N EESEAM
121
= HNRKOY
- o HKRKD
g L A EEHOEELN
& s
A
g 108 & 4 o f ys o
%? 0.9 -
0.8

0 10 20 30 40 50 60 70 80 90 100
VLB 5/(°)
(b) BRAMERSM

7 WEEE AR AT LR
Fig. 7 Variation of internal frictional angle against sedimentary

angle



12 4

eI, S B R R O I Y B O T 2169

4.2 BT RAFHE

K8 (a) MK 8 (b) 434k % ik i A s g
JUBLRLAITAS B RN AR — i AR ek, = iR 45
B BTG IR fEVIRBIDIN B, WFE
HoeRARIYE, A B UINET, EH AR RN
Bk, BEE O MR, PRSI, B BY Ak
P/ o 5 PRI A B BT 45 FIL AR, K e
BT REAR G RSN 55 ) S b L AR AR A . 3 45t
TUR R NIRRFE (d <45° ), FLER LRSS 1L 55
SESEMIARNIG SRS Xt T-d 24 60° , 75° Fl190°
AR, RN AR R AT RSN, 245l 17 W AR D 50%
i, ARFETIASAEISIE IR FUR A

0 36 9 12 15 18
Bl B2 %

(a) FNRKKHE

-6 F :.‘ 7, :}“» o —0— §=0°
e —o—06=15°
A o —— 6=30°
7 —— 5=45°
—o— 5=60°

(e
Otd ——6=75°
0 3 9 121518 —0Q0°
, 3 Sk, S —— =90
0 10 20 30 40 50
b R REEE /%

(b) BHOoTEEMLL

B8 ERIRIE R BHTEBMAN T - HE 4RIt
Fig. 8 Comparison of volumetric strain-axial strain relationships
between experimental and DEM simulation results

5 MWUHFIEA

1 SR ST R SR R AL
BRI, A TR ALK R UL KA
TV R AT BRI . O KR 1
Wi # pebble SR 1Y

A FAVHRE, BRI TR R R
ARl B . A SCRIR Ocla 452t ALK K B 0
Sy, MRS T R

15

2N -
auu 1)

) NS

Ao, N AR BT A D ITR A A Sk B A 5, U
Fe B K ANRIURE B PR 3= A 1)

BIHOTRLS R, 32 SO ORI Ak 2% 1]
ZURE AR 25 1) SRR P 27 kAT Tl sk . AR & o)
FPEREF CRALS W SR ) 7Tl 2L 5K F
BRI -

F :”Fij " = Fij Fij ) (2

A, gl i ok = Fij =] i 13 kkdij °

N T SRR S5 R 5 N T RIS, AR
JE SC— AN sk E A KR RS AL R A, KRB
A= () Pros, X TRRACHIZAN, BE AR
Ap KR, R TIRIAFEM ALK, H] AR . iZIRE AR
B A GAME SRR F IRBL, WG Li A0
H PR 2% 1) SR AR R R R 2% i) SRR S 240
_U@§FR) ©)

[S14F]

Rofr, KRS, =5, - U3s 0, -
5.1 Pk KimeAMRE LR

9 UKL A ZH F—hY ) K sk AR B Ap )
NGO BT 0T 0=0° BUFE, 7R
PR, Ap 045 T-1, U W RORL Al 3277 1) B AR 3
HIBKENI70: X Td >0 Milke, B4
JSAZRIE N, Ap TR/ 0] -1 SEAT, UL RURE
ZH R 77 1) SR 1) e K N ) 3 LT ) i e, O HLBE
O MIHIR, Ae /NI EE AR, BEHIXTT-d HIECK
IR, FORL R S R R S v, T Al RUASE ) FE T
PN 2ATAF AL FURR A, ATk 55 T A HE AR P BY
IPE . T RERG L 21 FUIRS RO FHE (d <45° ),
Ap N TRGE I HIE T-1. TiXT°d b 60° , 75°
H190° AL, 7F S0%MARAL, Ap TSR LRIF AN/
faFh, Ui IRORL RN R 3207 [ AT AE AN W 18
DRI A 2 AR TR 1 B L AN BT JIK (R R A AR g
K E e AR .

0.6
[>

A

D
0.3 P

b 1 REAE /%

B9 FERRAT A-Z itk
Fig. 9 Curves of Ap with different sedimentary angles
Bl 10 ANl d RORE Il 20 g 25 10 S 1t 2 b



2170 P

T

i

) AR ARG R . HIERT AN, FERIGAI %, A
X} T AR A AR R BOREHESIAN ], R AR TR
T, AR 1) SRR A A A . AT
CAE B A NI4T, RS ) Pk R A Tk Ak
A, XFd=0°, 15° , 30° KIRFE, KRR MER
ey K JamkN, JEHB T e 6T d=45° ik
FE, 25 R R AR, TR e X T
d=60° , 75° , 90° [WikFf, TEWIUR il %,
b kA St vl = T D = o P P W1 o 1 5
Bt il AR <20%),  JI0RL - 1) S5 R BN BT
I HBEA d IR, & ) S RO, SRS
BEAG BY DIk SR T, OO 20 A4 45 1) S g o 4
I ELRA d IR, & ) Sk R o v s 5 8K
HHBRBIE MR E. 25 BRI, WIiRRiZl
FAAN A 19 45 1) S P 1= 22 AR P PR 45 5, 3 FL
WK BBl I Rk AR T Ap LLSRURE LKA 11 %5
] ek R HEOE T REIA RIS E AR, nT AR A I LAt
3 HE 1K B FUR A 1 A -

—0— §=0°

—0—8=60°

b R REEE /%

10 REITAR FRUR A & o) ST (L i 2k
Fig. 10 Fabric anisotropies of particle direction with different
sedimentary angles
5.2 IEfIEEBMENLRE
K11 5d 5 0° , 30° , 60° f190° 4 MAFELE
—HNBYUIRIARINZ), Bk n AE YZ i BB oA
B P o p TS, R R ) T ) b R R
TG B A B o X T8 FR A I R T v s 46 7 1)
FIORE W) %, AR #3127 i) R B HA 7 1) BE 2 o
12 Ay e A A RS — 1 BB 45 K AN A A AR b
Tt . ZHBYUIRT, %1 d =0° MIAFE, A% T 1,
Vi Bl 214 3207 ) R K 2 N ) 5 B, 5
HAE MG Ac IR FE A . X T 6>0° [
B, BEA BT, Ac B K, 2RI
AN ) 5 18], RRORE A RO BN TR T Y
JiTa), RURLEE A s TG 22, TS B 20 4 =07
[6) S8 7 1) 027 o D e o AN ) O TRRE A B B ARUETE 1
BT

SORL KBl I AT 43 %
ARUNE,O =, NWA

SORL KBl I AT 43 %
ARUNE,O =, NWA

11 ERUEEHEIRE (YZ 2 m)
Fig. 11 Rose diagrams of contact normal distribution (YZ

projection plane)

Y —<—8=75°

ﬂlu‘-ﬂm%/o/f
10 20 30
B NAE /%
12 FEER AT A Tz

Fig. 12 Curves of Acwith different sedimentary angles
Pl 13 g AN o 4 i 1] 2 44 5% 1v e 2% 50 2 1)
VAR AR IC R B EIAT R, 2d =0° , 15° , 30° ,
45° N, BEATHIIR N AR, Rl ) e R B e
KGR, mAEFIH e 2d =60" I, $
fi 2% 1) S R BB A A 1) N AR S ORI O, B S BEA
Fas ARl MuxtF- 75° A1 90° ARAY, B i B

0.28
% 0.24
m—(. o]
# 0.20 o
mcf 0.16 {f ’;":"
j o e oo
g 0.12 | S —o—&=15°
= ¥ —r— 5=30°
= 0.08% s & —— 6=45°
H B —o— 5=60°
& 0.04 %005 —— 5=75°
ﬁﬁ 0 1 2 3 4
| | ﬂll"ﬂ@ﬁ/% _'|>_ 5=90°|
0 10 20 30 40 50
B AR /%

13 FERFR ftEftE m B & e ST h 2k
Fig. 13 Fabric anisotropies of contact normal with different

sedimentary angles



12 4

eI, S B R R O I Y B O T 2171

AZIHEIN, 5 R AR B Sl ), B O AE
JRFERLRE A, TS AR F A AR AR I 2 A 2 4
J7 5 AT AR ZEROR, AR E T R g AR,
PRAm LN 327 16 e » A 5T (R B A% 1) S P »
IR BEAE BT VI AREE AT, R AR 1) S B W 1 it
REIBRIRGE . hh, W& d R, 51 bk AR5
FEBHIG R, HAG TR, X5 20N T B
AR AR 2.

6 4 it

AT e B Hoe vk, KM “Clump” #irds
A AR ERAIURL,  JE5IN =BT sh bR, B
PN ) S PEAD 11 = A BT DRSS, 49 B E AR W T

CAR SRR I B T 1 R AR G b s e - 1)
SRS R AR FTEY D) AR AR, BEAE DR A IR
I, RIS AT AR BT DI LRI KA 5 90N o

2) X TURUR RN EARE (0° , 15° , 30° ),
TOURLZH A8 25 ) SRR B SR B s b, IHE T RE,
RFE R BIAIG TR XU 45° IRFE,
& SRR R RN, BT RE, R AR 2
I SRS s M PO Aok 60° ,75° F190° FRARFE,
5 10 e P A PR Sl N S SO, DR A AR IO
e, AR FLBRIR /N, ATl 55 TR 2 A4 1)
BYMCIE, I H 44k AR S 50%, AT A IA 2l St
KA.

(3) MR R I AR 1 (CGRAEFIUR K Hl
AR KRN, 5K AR D e e & R T
-1 DR ) St REUR o TR E, nI LA AW &)
SR T RE R B FURES S S .

(4) FEAdy 1) 307 g ) 3= 3. 7 07 iz , Bl
FUUR AR, Fe by ) 4149 % ) S AR R
e N ARERAL” ) CNARRELL” R, X5 7ML
I g A it 2 A A A AR LU

SE Ak

[1] CASAGRANDE A, CARILLO N. Shear failure of anisotropic
materials[J]. Journal of Boston Society of Civil Engineers,
1944, 31(4): 74 - 81.

[2] ODA M, KOISHIKAWA |, HIGUCHI T. Experimental study
of anisotropic shear strength of sand by plane strain test[J].
Soils and Foundations, 1978, 18(1): 25 - 38.

[3] ODA M. Initia fabrics and their relations to mechanical
properties of granular materid[J]. Soils and Foundations.
1972, 12(1): 17 - 36.

[4] ARTHUR J R F, MENZIES B K. Inherent anisotropy in a

sand[J]. Géotechnique, 1972, 22(1): 115 - 128.

[5] TATSUOKA F, SAKAMOTO M, KAWAMURA T, et 4.
Strength and deformation characterigtics of sand in plane
strain compression at extremely low pressuresJ]. Soils and
Foundations, 1986, 26(1): 65 - 84.

[6] GUO P J. Modified direct shear test for anisotropic strength of
sand[J]. Journal of Geotechnical and Geoenvironmenta
Engineering, 2008, 134(9): 1311 - 1318.

(7] HEEHEE, F/MS, BAm-r, A5 WE & ) b b p ey R
PR FRIHT B T T B M NI, A 2 5 R,
2012, 31(12): 2579 - 2584.(TONG Zhao-xia, ZHOU
Shao-peng, YAO Yang-ping, €t a. An improved direct shear
apparatus for shear strength of anisotropic sands and its
primary application[J]. Chinese Journal of Rock Mechanics
and Engineering, 2012, 31(12): 2579 - 2584. (in Chinese))

[8] PRADHAN T B S, TATSUOKA F, HORII N. Simple shear
testing on sand in a torsionad shear apparatus.[J]. Soils and
Foundations, 1988, 28(2): 95 - 112.

[9] GAO Z, ZHAO J. Constitutive modeling of anisotropic sand
behavior in monotonic and cyclic loading[J]. Journal of
Engineering Mechanics, 2015, 04015017(8).

[10] LI X S, DAFALIAS Y F. Constitutive modeling of inherently
anisotropic sand behavior[J]. Journd of Geotechnica &
Geoenvironmental Engineering, 2002, 128(10): 868 - 880.

[11] YIN Z Y, CHANG C S, HICHER P Y. Micromechanical
modelling for effect of inherent anisotropy on cyclic
behaviour of sand[J]. International Journa of Solids &
Structures, 2010, 47(14/15): 1933 - 1951.

[12] YAO Y B KONG Y X. Extended UH model:
Three-dimensional unified hardening model for anisotropic
clays[J]. Journal of Engineering Mechanics, 2011, 138(7):
853 - 866.

[13] YAO Y P, TIAN Y, GAO Z W. Anisotropic UH model for
soils based on a smple transformed stress method[J)].
International Journal for Numerical and Analytical Methods
in Geomechanics, 2017, 41(1): 54 - 78.

[14] LI X S, DAFALIASY F Anisotropic critical statetheory: role
of fabric[J]. Journa of Engineering Mechanics, 2012, 138(3):
263 - 275.

[15] GAO Zz W, ZHAO J D, LI X S, e a. A critica state sand
plasticity model accounting for
International Journal for Numerical & Analytical Methods in
Geomechanics, 2014, 38(4): 370 - 390.

[16] ODA M, KAWAMOTO K, SUZUKI K, et a. Microstructura

fabric evolution[J].



2172 a5 oE L OB ¥ M

2017 4F

interpretation on reliquefaction of saturated granular soils
under cyclic loading[J]. Journal of Geotechnical &
Geoenvironmental Engineering, 2001, 127(5): 416 - 423.

[17] LI X, LI X S. Micro-macro quantification of the interna
structure of granular materials[J]. Journa of Engineering
Mechanics, 2009, 135(7): 641 - 656.

[18] JANG M J, LI T, SHEN Z F. Fabric rates of elliptical particle
assembly in monotonic and cyclic smple shear tedts: a
numerical study[J]. Granular Matter, 2016, 18(3): 1 - 14.

[19] JANG M J, LI T, CHAREYRE B. Fabric rates applied to
kinematic models: evaluating dliptical granular materials
under smple shear tests via discrete element method[J].
Granular Meatter, 2016, 18(3): 1 - 15.

[20] e HIEE, A0 B, XIEEE, & REVTRUT A% ) 55 v 45
W PERD + B HOT AR AT (3], 5 R4, 2016,
38(1): 138 - 146. (JANG Ming-jing, FU Chang, LI1U Jing-de,
et d. DEM smulations of anisotropic structured sand with

deposit  directiong[J]. Chinese Journal  of
Geotechnical Engineering, 2016, 38(1): 138 - 146. (in
Chinese))

[21] ERIEE, MR WS, XIEREE, S DUBUR D 2 GO0 ) 27
FEMESE R B T T[], A%, 2016, 37(2): 554 -
562. (JANG Ming-jing, CHEN Tian, LIU Jing-de, et al.

different

Discrete element analysis of effects of sedimentary angle on
macro-micromechanical properties of pure sand[J]. Rock and
Soil Mechanics, 2016, 37(2): 554 - 562. (in Chinese))

[22] TING JM, MEACHUM L, ROWELL J D. Effect of particle
shape on the strength and deformation mechanisms of dlipse
- shaped assemblages|J].
Computations, 2013, 12(2): 99 - 108.

[23] MAHMOOD Z, IWASHITA K. Influence of inherent

granular Engineering

anisotropy on mechanical behavior of granular materials

based on DEM smulationsJ]. Internationa Journal for
Numerica and Analytical Methods in Geomechanics, 2010,
34(8): 795 - 819.

[24] YAN W M, ZHANG L. Fabric and the critical state of
idedlized granular assemblages subject to biaxiad shear[J].
Computers and Geotechnics, 2013, 49: 43 - 52.

[25] NG T T. Macro- and micro-behavior of granular materials
under different sample preparation methods and stress
pathgJ]. International Journal of Solids & Structures, 2004,
41(21): 5871 - 5884.

[26] Itasca Consulting Group Inc. PFC3D (particle flow code in
three dimensions) verson 5.0 manua[M]. Minneapolis:
Itasca Consulting Group Inc, 2015.

[271 JANG M J, SHEN Z F WANG J F. A nove
three-dimensional contact model for granulates incorporating
rolling and twisting resgtancesJ. Computers and
Geotechnics, 2015, 65: 147 - 163.

[28] JANG M J, KONRAD J M, LEROUEIL S. An efficient
technique for generating homogeneous specimens for DEM
studies[J]. Computers & Geotechnics, 2003, 30(7):579 - 597.

[29] THORNTON C. Numerical smulations of deviatoric shear
deformation of granular media[J]. Géotechnique, 2000, 50(1):
43-54.

[30] ZHAO X L, EVANS T M. Numerical analysis of critical state
behaviors of granular soils under different loading
conditions[J]. Granular Matter, 2011, 13(6):751 - 764.

[31] LAM W K, TATSUOKA F. Effects of initid anisotropic
fabric and o, on strength and deformation characteristics]J)].
Soils and Foundations, 1988, 28(1): 89 - 106.

[32] ODA M, NEMAT-NASSER S, KONISHI J. Stress-induced
anisotropy in granular masses[J]. Soils and Foundations,
1985, 25(3): 85 - 97.



$39% 123 = + T B ¥ #H Vol.39 No.12
2017 4 12 / Chinese Journal of Geotechnical Engineering Dec.

2017

A aba VRFE R B BT 2L S R IR R IR R AR R o IS4 IR R

0

e

DOI: 10.11779/CIGE201712004

T oY OBEES BNEmS OHEMS Fhr’
(L. HEFRAGE KTV 5 TREIER B A 5 P Hl E s, YO0 A8 330013; 2. FPEEFEBRICE + 18 prs + 1% 5
TAEEEE sk, Wt )3 430071)

W OE. WA R A ORI R R B B AR, SRR T R R AR T S . B Bk Ty
e BB oK At i T HEKIA & 4 465 DKBEIR i TbFE Pt KRR, SR R R R ), R TP IE
AR REVEARTA AT 53 TEAT I BETCEE R RIS BUA B2 KR A R b I RS R AR i e H A 4y
TR 1y; BT PR AR S B AR S TEAEROC T 0.7, RIS AR5 KT P A% BL A AR TE4E KU T 0.6, IX ARG
AR R SRR 53 T AERCRT LK RIVESE P 2 e (R T AT IX s 0 T RIVES AR U, o A8 B U R AR 43 T
YERUERR O s X T RIVHS P AR 8 R TV R R, 445 ) T G 2 W R YRR Gy TR AR o FR T SR T LA kg v
bW ) 284 T AN RIS FLA R IR T 5 B VAR AR B R A A o

KHEIR: MBS, UKl BURRAR R B4R

hESES: TU4s SCERFRINAD: A XEHS: 1000 - 4548(2017)12 - 2173 - 07

EHEIN: T (1982- ), U, 1L, EEAFESAR )5 RS LA . E-mail: lukeryuyang@163.com.

Fractal characteristics of micro-seismic volume for different
types of immediate rock-burstsin deep tunnels
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Abstract: A fractal method is put forward to study the self-similarity of the volume distribution of micro-seismic events during
the devel opment of different types of immediate rock-bursts. The proposed method is used to study the fractd behaviours of the
volume distribution of micro-seismic events during the development of immediate rock-bursts that occur in four deep headrace
tunnels and one drainage tunnel a the Jinping Il Hydropower Station. The results indicate that the volume distribution of
mi cro-sei smic events during the evolution of immediate rock-bursts displays fractal properties. The fractal dimension of volume
can be used as the basis for estimating rock-burst type, that is, the fractal dimensions of immediate strain rock-bursts are >0.7
and <1, but those of immediate strain-structure dip rock-bursts are >0.2 and <0.6. For the immediate strain rock-bursts and the
immediate strain-structure dip rock-bursts, if the intensity is lower, the fractal dimensions of volume will be smadler. For the
immediate strain-structure slip rock-bursts, the more the number of structure planes, the smdler the fractal dimensions of
volume. These conclusions can be used as the guideline to develop a warning system and to reduce the risk of rock-bursts
during construction of deep, hard-rock tunnels.

K ey words: immediate rock-burst; hydropower station; micro-sei smic event; micro-seismic volume; fractal dimension
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Freeze-thaw char acteristics of subgrade macadam fillings influenced by
cement content and grain-size composition

WANG Tian-liang" 2, SONG Hong-fang® !, GUO Zhuo-hao" ?, Y UE Zu-run" 2, LIN Yong-ging"*

(1. School of Civil Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China; 2. Key Laboratory of Roads and Railway
Engineering Safety Control of Ministry of Education, Shijiazhuang Tiedao University, Shijiazhuang 050043, China; 3. School of Civil
Engineering, Beijing Jiaotong Universty, Beijing 100044, China)

Abstract: Motivated by the practical application of cement-stabilized macadam to high-speed railway subgrade in cold regions,
a series of tedts are conducted using an integrated method learnt from an evaluation system used for semi-rigid highway
foundations considering the characteristics of high-speed railway subgrade in cold regions. The compaction results, frost-heave
property, permeability, freeze-thaw durability and shrinkage property of subgrade macadam fillings influenced by cement
content and grain size composition are deeply studied and analyzed. The following results are obtained. The compaction
indexes of cement-stabilized macadam subgrade are satisfied or exceed the compaction standard under the tested compositions.
The lack of large-sized soil particles weakens the frost-heave sensibility, improves the permeability, and reduces the
compressive strength and moisture stability of cement-stabilized macadam samples. In addition, a mixture of cement effectively
compensates for the reduction in compressive strength and increases the shrinkage deformation of cement-stabilized macadam
samples. The compressive strength decreases with every increment of freeze-thaw cycles, and then levels off after 10
freeze-thaw cycles. For the engineering practice of high-speed railway subgrade in cold regions, the cement-stabilized macadam
with 3% of fines and 3% of cement addition is suitable for the subgrade without any demand for permeability, and the
cement-stabilized macadam with grains greater than 0.5 mm in size and 3% of cement addition is suitable for the required

permeability of subgrade.
Key words: high-speed railway subgrade; cement stabilized macadam; cement content; grain-size composition; engineering
characteristic -
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Experimental study on caustic soda-activated steel slag powder in muddy soil

WU Yan-kai" %, HU Xiao-shi?, HU Rui?, SHI Yu-bin®, HAN Tiar?, YU Jia-li®
(1. Shandong Provincial Key Laboratory of Civil Engineering Disaster Prevention and Mitigation, Qingdao 266590, China; 2. Shandong
University of Science and Technology, Qingdao 266590, China)

Abstract: The steel slag powder is a powdery product formed by ball milling after the industrial waste is discharged from
steelmaking. It has similar properties to those of cement, but its activity is poor and it needs to be treated. Through the
laboratory tests, caustic soda (NaOH) is used as the activator of the steel dag powder to study the effect of the dag powder and
cement mixed on the silty soil under different caustic soda contents. The results show that the early strength of the steel
slag-cement solidified soil is low, and the curing effect is better a the later stage. After the caustic soda is added, the curing
effect of the sted slag powder is obvious. The unconfined compressive strength of the sted slag-cement solidified soil increases
first and then decreases with the increase of activator dosage. The X-ray diffraction (XRD) andysis shows that there is a
monosulfated cal cium sul phoaluminate (AFm) in the mixture, which can enhance the strength of the solidified soil.

Key words: sted slag powder; muddy soil; caustic soda; unconfined compressive strength; XRD
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Table 1 Chemica composition of sted slag powder and cement
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Fig. 1 Microstructure of stedl slag powder and cement
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Fig. 3 Stress-strain curves of each group of solidified sail
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Analytical solution for consolidation of a composite ground with
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Abstract: The impervious multi-long-short piles-reinforced ground is a new type of composite ground technology. The
equations governing the consolidation of the surrounding soils within the composite ground are derived under instantaneous

load. The andytical solutions are then developed for the consolidation of the composite ground based on the one-dimensiona

consolidation theory of a double-layer ground. The comparison of the consolidation rates from the proposed analytical solution
with the FEM is made to verify the correctness and accuracy of the proposed analytical solutions. Parametric study is conducted
to investigate the consolidation behavior of this new type of composite ground using the proposed analytical solutions. The

results show that the consolidation rate of the composite ground with impervious multi-long-short piles increases with the

0 3l

enough. Furthermore, it increases with the increase of the constrained modulus of the soil bellow the tip of the short piles.
K ey wor ds: impervious multi-long-short pile; composite ground; analytical solution; consolidation; FEM
=

—_

increase of the area replacement ratio and the constrained modulus of the long piles. The area replacement ratio and the
constrained modulus of the short piles have insignificant influences on the consolidation rate of the composite ground. When

the short piles have shorter lengths, the variation of the length of the short piles has little influences on the consolidation rate of the

composite ground. The consolidation rate increases with the increase of the length of the short piles when the short piles are long
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Hybrid effects of rainfall and reservair level fluctuation on old Taping H2
landslide in Wushan County in Three Gorges Reservoir area

HUANG Da" % GU Dong-ming?, CHEN Zhi-giang®, ZHU Hong?, CHEN Ci-jin*
(1. State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongging University, Chongging 400044, China; 2. School of
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Exploring Bureau, Chongging 401120, China; 4. Geological Disagter Control Center of Wushan County, Chongging 404700, China)
Abstract: Since the first impoundment of Three Gorges Reservoir, a large number of old landslides have shown signs of

reactivation. Usudly, the displacements of these large landdides are characterized by a stepped pattern. Besides, the stability
identification of the dides is difficult, which severdy affects the choice of appropriate measurements and timing of treatment.

By taking the H1 sliding mass of Quchi landslide as an example, based on the geological survey, displacement monitoring and
numerical modelling, the seepage field, stability and deformation of the landslide under the influence of reservoir level
fluctuation and rainfall are fully studied. It is revealed that the changes in reservoir levels have a great influence on the

0

deformation of the landdide, especialy, the significant deformations at the toe are induced by reservoir drawdown, which then

51

Key words: Three Gorges Reservoir area; landdide; step-like deformation; reservoir level; rainfall
=

—_

“drags’ the masses in the upper part down. The precipitation affects the deformation of sliding mass above the water fluctuation
zone, whose collapse “pushes” the masses a the toe downslope. Under the periodic action of changes in reservoir levels and
rainfal, the dliding masses are subjected to “drag-push” influences iteratively and thus exhihit a staged deformation
this progress.

characteristic. On the whole, the fluctuating water level isthe main trigger of the deformation while the precipitation facilitates
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Table 1 Parameters of numerical modeling
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KR T KR R KRR T [(md?) IMPa
ABUIE (e 19.6 20.2 25 20 18 14 0.562 60 0.3
e cF ey 21.3 225 44 35 30 28 0.864 120 0.3
iy 20.8 21.7 18 16 14 12.5 0.0069 60 0.3
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L argetriaxial compression tests on geosynthetic-encased granular columns

CHEN Jian-feng", WANG Xing-tao', ZENG Yue', Y E Guan-bao', FENG Shou-zhong?, LI Li-hua®
(1. Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China; 2. Wuhan Guangyi Transportation Science and

Technology Co., Ltd., Wuhan 430074, China; 3. Changzhou Telystar New Materia Co., Ltd., Changzhou 213021, China)
Abstract: Large triaxial compression tests are performed on geosynthetic-encased granular columns (GEGC) with gravelsin
dense state. The stress-strain characteristics of GEGC with different strengths of polypropyl ene woven geotextiles and different

confining pressures are investigated. The theoretical formulas to compute the strength and modul us of GEGC are then proposed.

The results show that the GEGC exhibits dilative shear failure under triaxial compression, and mainly the horizontd textile
slices at the shear band break. The shear angle is close to the rupture angle of the Mohr-Coulomb strength theory. The
stress-strain curve of GEGC at the preliminary loading stage is concave down, then its stress approximately increases linearly
up to a peak stress, and subsequently decreases to a stable value, showing strain softening characteristics. The axial strains
corresponding to the strengths of GEGC with the same reinforcement strength under different confining pressures are even
close. The quasi-cohesion of the GEGC has a good linear relationship with the strength of reinforcements, and it is much larger
than that of the gravels, but the strength of reinforcements has little effect on the internal friction angle of the gravels of GEGC.
Theoretical formulas are established to compute the strength and modulus of the GEGC. The formulas are verified through the
test data, and the correction factors for the formulas are obtained. The results of the modified formulas agree well with the test
ones.

K ey wor ds: geosynthetic-encased stone column; large triaxial compression test; stress-strain curve; strength; modulus
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L ong-term undrained mechanical behavior of overconsolidated clay under
cyclic loading with a large number of cycles

HAN Jian" 3, YAO Yang-ping', YIN Zhen-yu* 3
(1. School of Transportation Science and Engineering, Beihang Universty, Beijing 100191, China; 2. Department of Geotechnical
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200092, China; 3. Ecole Centrale de Nantes, Research Ingtitute of Civil and Mechanical Engineering, Nantes 44300, France)
Abstract: The wave and wind loadings applyed on structure foundations with a large number of cycles affect the long-term
undrained mechanical behavior of clay, which is one of key issues for the foundation design. Qwing to lack of cyclic tests with
alarge number of cycles up to now, laboratory tests on over consolidated clay are perfomed to study the cyclic behavior with a
large number of cycles (e.g., more than one million). Based on the results of reconstituted specimens with OCR=4, the possible
existence of the threshold stress ratio under the symmetric cyclic loading is confirmed. The value of the threshold stressratiois
0.44~0.48. At the early stage of cyclic loading, the evolutions of axial strain and pore pressure are similar to the results of the
conventional cyclic tests. However, as the number of cyclesincreases, the cyclic axia strain decreases, whereas the permanent axial
grain increases and the pore pressure decreases from a positive to negative value. These new phenomena are andyzed by
conducting additional creep tests on the overconsolidated clay, which throws new light on studying the mechanism governing the
long-term undrai ned mechanical behavior of overconsolidated day under cyclicloading with alarge number of cycles.
Key words: clay; alarge number of cycles; creep; pore pressure; undrained triaxial test
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Whole range monitoring for temperature and displacement fields of
cross passage in soft soils by AGF

YANG Ping', CHEN Jin', ZHANG Shang-gui®, WAN Chao-dong’
(1. School of Civil Engineering, Nanjing Forestry University, Nanjing 210037, China; 2. China Railway 18th Bureau Group Co., Ltd.,

Tianjin 300222, China)
Abgtract: Studying the temperature fields of freeze-thaw and development laws of frost heave and thaw settlement in the
congtruction of cross passage in soft soils by artificid ground freezing method (AGF) is the premise to solve the problem of frost
heave and thaw settlement. Taking the construction of cross passage in soft soils by AFG as the engineering background, the
variation rules of freeze-thaw temperature, ground surface deformation, frost heave and thaw settlement of the deep soils are
monitored during the whole range, then the variations of temperature and deformation of the frozen well are andyzed. The results
show that the process of freezing can be divided into five stages by temperature: rapid drop of temperature, dow drop of
temperature, accelerated drop of temperature, temperature stability and freezing maintenance. But during the thawing period, the
variation of soil temperature can be divided into three stages. rapid rise of temperature, temperature stability around 0°C and
sugtainable rising. The frozen cylinder dosed is the critical time to produce rapid frost heave, and frost heave mainly occurrs during
18 to 45 days after the gtart of freezing. After thawing for 15 days, the temperature of soils partly reaches that dose to 0°C, then
comes into the phase transformation stage. Therefore, in order to contral the thaw settlement, tracing compensation grouting should
be taken after 15 days from the starting of thawing. The soil phase transition process lasts longer as the sail is deeper. The thawing
settlement of silt mainly occurs in the first two months since thawing, and it completely thaws for about 100 days. Thisis aso the
minimum time that should be continued for tracking compensation grouting. The temperature and displacement of frost heave and

thaw settlement in deep sailsincrease linearly with theincressng ———
EE&WME: EEXARRIYIEEIH (51478226); ik 18 R H

depth. The maximum
Wi HHEA: 2016 - 09 - 28
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displacement of frost heave and thaw settlement at the dome of frozen wall are respectively 3.6 times and 4.9 times those of ground

surface. The frost heave and thaw settlement dots of the ground surface are vertical to the center line of the cross passage, and both
sidesarein line with the normal distribution. The influence rangeis about 1.2 times the depth of the bottom of the tunnel.

Key words: cross passage; freezing method; freezing temperature field; thawing temperature field; frost heave and thaw

settlement of deep soil; whole range monitoring
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Enhanced mechanism and |oad-settlement relationship of post-grouting piles

DAI Guo-liang" 2, WAN Zhi-hui*?
(1. Key Laboratory for RC and PRC Structure of the Ministry of Education, Nanjing 210096, China; 2. School of Civil Engineering,

Southeast University, Nanjing 210096, China)

Abstract: Based on the results of ten in-situ pile load tests of Taizhou Bay Bridge and its connecting projects in six different
sites, the load transfer characterigtics of grouted piles are analyzed. The hyperbolic load transfer function is used to calculate the
load-settlement relationship of the grouted piles on the basis of the mechanism of strengthening effect. The improvement
coefficients for side friction and tip resistance in different soil deposits are determined to account for the effect of grouting.
Finally, case history is cited to demongtrate the validity of the method. The results indicate that the tip resistance of the grouted
piles is mobilized before application of vertical load because of the preloading effect of soil beneath pile tip arising from tip
grouting. Thus, the strain incompatibility between the tip resistance and the side friction of pile isimproved. Moreover, the tip
resistance and side friction of grouted piles will be significantly enhanced under the combined action of ground improvement of
the soil beneath pile tip, preloading effect, enlarged tip area and the upward grout penetration dong the pile side due to tip
pressure grouting. However, ignoring the influence of grout bulb radius or grout climbing height may lead to an undesirable
bearing capacity of the grouted piles.

K ey words: post-grouting pile; enhanced effect; prel oading effect; load-settlement relationship; load transfer method
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Table 3 Improvement coefficients of side friction and tip resistance

for different soil types

T et #E RFEHEE bt Bt
as 1.68 2.01 1.77 — 1.50
Bs 1.25 1.44 1.48 1.44 1.67
a — 1.64 2.37 — 2.46
Bo — 2.35 2.18 — 2.28
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Table 4 Parameters of soil layers for test piles

N L 1% /(kN'-m® /kPa /(°) /MPa

1 1.00 37.00 17.36 2400 6.00 4.14
WAt 1224 5771 1619 9.00 250 235
WE 770 4231 1746 900 3.00 240
- 460 2501 19.03 1300 2580 7.56
W+ 490 3221 1825 29.00 7.30 3.39
1 2440 3741 1766 27.00 7.80 4.09
Wi+ 740 2401 1942 26.00 19.00 6.29
¥+ 390 2561 1893 14.00 1850 4.77
it 38 3821 1746 31.00 8.60 3.80
¥+ 200 2751 1884 37.00 17.60 6.45
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Table 5 Parameters of side friction and tip resistance for ungrouted

piles
RWE JEFE/m ad(mmrkPa?) by/kPa*
Bl 1.00 0.0940 0.0268
e E 12.24 0.1785 0.0336
e 7.70 0.1452 0.0323
o 4.60 0.0708 0.0211
ZABUIE e 4.90 0.0927 0.0224
Bl 24.40 0.0486 0.0208
LARUiE e 7.40 0.0150 0.0180
ARUiE e 3.90 0.0115 0.0169
Bl 3.86 0.0098 0.0156
ABUIE e 2.00 0.0412 0.0142
2,=0.134%X 102 mm-kPa* b,=0.0406 X 102kPa’*
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Fig. 10 Comparison between cal culated and equivalent conversion
| oad-settlement behavior of grouted piles
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Table 6 Parameters of soil layers for test pile SZ04

JELRE w y c " Es

+E&H .
m 1% IkN'm®) /kPa /() /MPa

¥miZEEt 182 2420 1942 46.00 13.00 6.54
WeEi+ 2400 4950 1648 1000 350 1.92
it 8.00 448 17.36 27.00 650 3.40
i+ 1968 3020 1815 28.00 1050 3.82
¥mE+t 422 3120 1844 3400 18.70 4.87
it 1230 3240 1834 37.00 19.80 6.42
it 1198 3480 1844 40.00 17.60 5.35

R 7 RIERNE SZ04 M FEFIHE S5
Table 7 Parameters of side friction and tip resistance for ungrouted

pile Sz04

RN JE 1 m ad(mmrkPa?) by/kPa*
AR 1.82 0.06350 0.03027
NS 24.0 0.02285 0.06667
At 8.0 0.01348 0.02150
AR 19.68 0.02656 0.02632
AR 4.22 0.08736 0.02405
AR 12.3 0.06719 0.02539
Bt 11.98 0.05289 0.02564

a,=0.460X (102mm-kPa?) bp,=0.123 (10°2kPa’®)
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Fig. 11 Comparison between cal cul ated and equivaent conversion
| oad-settlement behavior of grouted pile SZ04
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Prediction and classification of strain mode rockbur st based on five-factor
criterion and combined weight-ideal point method

XU Chen', LIU Xiao-li"?, WANG En-zhi* 2, WANG Si-jing"®
(1. State Key Laboratory of Hydroscience and Engineering, Tsnghua University, Beijing 100084, China; 2. Sanjiangyuan Collaborative
Innovation Center, Tsnghua University, Beijing 100084, China; 3. Ingtitute of Geology and Geophysics of the Chinese Academy of
Sciences, Beijing 100029, China)

Abstract: Based on the basic theory of ideal point method, considering the mechanism of rock burst, amodel for predicting and
classfying rockbursts is established. Five factors are selected as the evauation indexes, including the ratio of the maximum
main stress of the surrounding cave wall to uniaxia compressive strength of rock, the ratio of the maximum tangential stress of
the surrounding cave wall to uniaxial compressive strength of rock, the ratio of compressive to tensle strength of rock, the
elastic energy index of rock and the intactness index of rock mass. The weight coefficients of these evaluation indexes are
determined by the AHP and information entropy theory. The statistics-related projects and the engineering case anayses show
the feasibility and applicability of the proposed model. A computer evaluation interface for rockburst classification is devel oped
based on the proposed model. This model and computer interface can be referred to for other similar engineering practice.

Key words: ided point method; rockburst; combination weight; AHP; entropy weight method
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Table 1 Five factors of rock burst criterion and classification
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Fig. 1 Grade evaluation of rock burst hierarchy
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Failure mechanism of gently inclined bedding rock mass slopes with complex
fissures

WANG Lin-feng, TANG Hong-mei, TANG Fen, YE Si-giao

(Key Laboratory of Hydraulic and Waterway Engineering of the Ministry of Education, Chongging Jactong University, Chongaing 400074, China)
Abstract: The collgpse disasters are easily caused by the cut of fissures in gently inclined bedding rock mass dopes. The
complex gently inclined bedding rock mass sope containing two fissures is studied. At firgt, based on the fracture mechanics
and the mechanics of materials, a method for calculating the load and stability coefficient of complex gently inclined bedding
rock mass dopes is established. For the case of Yangchahe gently inclined bedding rock mass dope in Qijiang County of
Chongging, the slope gtability is calculated, and the results are the same as the fidld damage Situations. Then the stability
coefficient of the gently inclined bedding rock mass dope is obtained through numerical simulation. The numerical results are
the same as the cal culated ones. The numerical results revea the damage mode and rules of Y angchahe gently inclined bedding
rock mass dope. The compressive stress is the main factor for the damage of rock cells. The proposed method for the load and
stability coefficient of complex gently inclined bedding rock mass dope may provide a theoretical basis for the design and
layout of the relevant control structures.

K ey wor ds: bedding rock mass s ope; gentle inclination angle; fracture mechanics; numerical simulation; failure mechanism
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Table 1 Stability analysis of rock blocks
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54 Him B/m a/m EMPa  y/(kN'm?®)  F Kc/(MPam?) Kd/(MParm'?) Fsi
1 61 3.30 2.80 2.20 57440 26.7 2.12 0.86 246
2 52 580  4.40 3.87 57440 26.7 2.12 1.86 1.14
3 62 330 440 2.20 57440 26.7 2.12 2.10 1.02
4 43 490  3.10 245 57440 26.7 2.12 1.23 1.73
5 53 580 3.0 2.90 57440 26.7 2.12 1.56 1.36
6 63 330 310 1.65 57440 26.7 2.12 1.45 1.46
7 34 740  4.00 247 57440 26.7 2.12 1.64 1.29
g8 44 490  4.00 1.63 57440 26.7 2.12 121 175
9 54 580  4.00 1.93 57440 26.7 2.12 1.49 1.42
10 64 330  4.00 1.10 57440 26.7 2.12 1.14 1.86
11 25 4.90 2.90 1.63 57440 26.7 2.12 1.22 1.74
12 35 7.40 2.90 247 57440 26.7 2.12 1.74 1.22
13 45 4.90 2.90 1.63 57440 26.7 2.12 1.89 1.12
14 55 5.80 2.90 1.93 57440 26.7 2.12 1.96 1.08
15 65 3.30 2.90 1.10 57440 26.7 2.12 1.39 153
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Table 2 Results of numerical simulation for stability coefficient of blocks
FE AT fEHm R Rm Sukggam O R R ERETE y
Kic/(MPam™) Kd/(MPam™)
1 61 3.30 2.80 2.20 2.12 0.82 2.59
2 52 5.80 4.40 3.87 2.12 1.80 1.18
3 62 3.30 4.40 2.20 2.12 2.09 1.01
4 43 4.90 3.10 2.45 2.12 0.99 2.14
5 53 5.80 3.10 2.90 2.12 1.77 1.20
6 63 3.30 3.10 1.65 2.12 1.25 1.70
7 34 7.40 4.00 2.47 2.12 1.52 1.39
8 44 4.90 4.00 1.63 2.12 1.08 1.96
9 54 5.80 4.00 1.93 2.12 1.61 1.32
10 64 3.30 4.00 1.10 2.12 1.18 1.80
11 25 4.90 2.90 1.63 2.12 1.19 1.78
12 35 7.40 2.90 2.47 2.12 1.92 1.10
13 45 4.90 2.90 1.63 2.12 2.09 1.01
14 55 5.80 2.90 1.93 2.12 2.19 0.97
15 65 3.30 2.90 1.10 2.12 1.49 1.42
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Uplift load tests on model spread foundations in cement-stabilized aeolian sand

SHENG Ming-giang', QIAN Zeng-zhen?, LU Xian-long®
(1. Nanchang University, Nanchang, 330031; 2. China University of Geosciences, Beijing 100083, China; 3. China Electric Power
Research Ingitute, Beijing 100192, China)

Abstract: Aedlian sands are inherently very low in strength and very high in compressibility because they are loose,
cohesionless and easily movable. The cement-gtabilization of aeolian sand may be an alternative method to improve the
mechanical characteristics of aeolian sand in the desert areas. In this study, the aeolian sand samples collected from the Hobg
Desert are remoulded with a moisture content of 3%, and a relatively small amount of cement of 6% by weight of dry aeolian
sand is added to the aeolian sand backfill. A total of 9 uplift load tests are carried out to investigate the uplift performance of
model spread foundations embedded in cement-stabilized aeolian sand. The experimental results demonstrate that the
cement-stabilized aeolian sand has a typica brittle nature, and two-phase pre-peak and post-pesk behaviours of
| oad—displacement responses are observed in dl the tests on the model spread foundations embedded in the cement-stabilized
aeolian sand. Under uplift loading, when the normaized embedment ratio of depth to basement width for spread foundationsis
less than 3.5, the displacement corresponding to the ultimate uplift resistance ranges from 0.04%~1.05% of the basement
width, with an average of 0.54%. Based on the uplift capacity of shallow spread corresponding to the peak failure resi stances,
the magnitudes of the dope angle a of the dead weight method are calculated for each of the spread foundations. Compared to
the natural aeolian sand, the significant increases in uplift resstance and slope angle o of the dead weight method can be
obtained for model spread foundations subjected to uplift in the cement-stabilized aeolian sand, irrespective of embedment
ratios of H/D.

K ey wor ds: desert; aeolian sand; cement-stabilized aeolian sand; uplift load test
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Initiation of a large landslide triggered by Wenchuan earthquake
based on ring shear tests

CUI Sheng-hua® ?, PEI Xiang-jun', WANG Gong-hui?>, HUANG Run-giu*
(1. Sate Key Laboratory of Geohazard Prevention and Geoenvironment Protection (Chengdu University of Technology), Chengdu

610059, China; 2. Disaster Prevention Research Indtitute, Kyoto University, Uji 6110011, Kyoto, Japan)

Abstract: A great number of landdides were triggered during the 2008 Wenchuan earthquake. Among them, the Niumiangou
landslide is the large-scale landdide in the epicenter area. The site investigation shows that the landdide mass collides to the
NE side of the valley immediately after initiation. The moving velocity estimated is 19.8 nVs, suggesting the characteritics of
high initial velocity. The materials are taken from the source area and a series of ring-shear tests are conducted. The results
show that the materias have a high liquefaction potential under undrained condition. They are easy to liquefy and the apparent
friction angle is only 9.4° under undrained cyclic loading condition. The liquefaction of the materids in diding zone during
earthquake may cause the initiation with high velocity of Niumiangou landdide. Through an energy approach, the diss pated
energy in cyclic loading tests and the possible energy dissipated to the soil layer in the slope by the earthquake are estimated.
The pesk acceleration for triggering sample failure is 192 gal, and the energy for sample liquefaction is 2.3x10* I It is
inferred that the possible seismic energy that can be dissipated to initiate the dope failure on the source area can be much
greater than the value required for the initiation of liquefaction failure. The slope instability might have been occurring severa
seconds after the arrival of seismic motion.

K ey words: Niumiangou landside; Wenchuan earthquake; ring shear test; high-speed landslide; initiation of landdide

3] = RSN RITTG 225), SA S R 045 T 4400
2008 4E DU IS4 T LG 8.0 4z, fzkiyg Ko HORABXARIT . i AR 100 M v e A 4y

Y, R RN I E R, R, —————

ER—ILREMEFE), 2K 270 km?3, g

SEFEETHH (41572302)

E\Z T j(%ﬂﬂbﬁ%% ’ ;H\: E'j/fl‘]%iﬁ%% E~|:l %i&ﬁ%ﬁm’ﬂ ks HEY: 2016 - 09 - 28
GBI TP E GO ik, Bk, MBIR “EIRIE# (E-mal: peixj0119@tom.com)

MEHBRZIII, KBPARRI, e HIX O

EEWB: FXRGFIAR AR EIH (41521002); [H5K HARFR


mailto:shenghuacui.geo@gmail.com
mailto:peixj0119@tom.com

12 4

BEEME, A SR TIRBTIG AT | M K R R SO R 2269

Y (12X20°m®) . BT (27X10" mY), 7
JA 8 (15X10" m?) Sk 7ok ™,
TR IX EE W (R B RS S . Dal 0O
I Hb R 0 o T 2 S AR Bl T R A A v S B AR 5 30, Yin
Al SRR N KT M S R IE B SR, Wang
2t (25 3o S5 BF 9 45 L Vel T 9T A M R A o i
W) R T RIS SR AL T 441, Yang 2 4 i
TR PEE R IR A R 1 e A v R A i 5 BB R
BARG FT L T B O R S L, i) e D 3R
B REG Tt B Dk AR iy LR A IR vl RE
S I AL .

BN RERE 2 SR I, — L8 KR I HAT sk
JEBNERAE, BRI R 2 M 5 ) A I
WA E A, Dai AR A I i T 2 SR B T
BN T B S 4. T e R e A e
I B it o/ i 1 A = 111 7 & e N L - 1 OO
KOCEMY . SR RO, 26T
Wy AL, PRI CRFEETD R
WD o

A= HR VA M 3 DL 7.5X 10° m® 1R S AR Ay 7 v gt
PN R i S LR B A O A0 AT 181 LN )
R, TS5 FE A5 o B (R T IR T T A8 B A
Bl e, Zhang 2B k3N AT B S BOZ I
WL RE . BT AR IE T I3 A P i ML, A
SO kR A & N SRR TR R Sh L

1 HHRABUHER

A= HRTAHE A T30 W e B (B 1 1)l
B (626 30.99° , A% 103.36° ), J&milik
BHIE . ZIXAEREN R 1285 mm, KRIL T LT iE—
WY o DX PE LA X DA BRI R R ik
PR PR 3, AR

TRV MR T s % () 102 AN K2 g 38 oy
WHIR>0.5 km?) 1, /- HIR VA ¥ I 7 o [ KR
WY, WAL 4.07X10° m®, oK Es 2.8
km, KT 2 0.85m. WY TR, W
AN REYNT 12° WA GEIEOINFIZEIRYA) B8h T
232 km (B 2). 301 HbAE W28 5 ALK ) A7 X
o, KN ZEEYORE TR AL, AT DAHEDN MRz
A T SREUHRE S o A AR VA T S U5 XA A
g, LRARTT M R R WL RN EARAL

AR IR X TR 1.9 105 mf, SEXHE RS 30°
7% 300~350 m, B 300~400 m. HHURIX A1
FHE, RACEIRT SR Z (& 3) . W X A8 F 2,
HAR B Ri#2<4 mm (5 31 35%~50%, >1 m [ kA

B AN 10%. A HRVA T BT R DAL TSR A7) 3k
A RARUK: WAL TR U 10 m, 47 N
HRG DI R IE RIS, TR A
et P ORI 5 A BB sk R Y, s
Brice, N, HoEE, AR, TR K
MK B A E LA .

~
b

B 1 REREB RS AR FRIGBRAE
Fig. 1 Large-scale landslides and Niumiangou landslide

L ——
B2 4RABHARRSHRXR
Fig. 2 Boundary of Niumiangou landslide and causation fault

B 3 HFERAEHEREEX
Fig. 3 Source area of Niumiangou landdide

2 B BRERE YT
Pl 4 S IRV R PR O SR A



2270 s + T

Wk sk 6 B, 4rilh A—B, B—C, C—D,
D—E, E—F fl F—G. @it Bz i Aok i 3t i FEmtid
I

R BN )R, WKL NSO°E Jy [ i A 34 E Lo (A
—B B LALLM T (B 2D, HHEEY
20 m; RIBAIII N A5 e 18° 5 (ST2°ED
BENFEGLVE (B—C #45, 1R R0 n] Wik s &
FEPRIE) . WHYRT C AR SRR, Jf
HBE 13 my R 20 milPE RN EIRY, K
o) B S A 1 VR s 140 mBEEE, ki BI4R
AR DIRZ (D D). 25, W D iz
A F o, FREEILT G A T IbaiE 7 ok
A, MR TVA R A 3 UG E, miESY A 70, 24,
26 mo ZFHRVATE S TR R IR A .

‘ 0 250

4 HERAEETFEE
Fig. 4 Plan of Niumiangou landslide
YR BN JEAE B S AT, A R
B, RIS AR R, HHTE L
BYH B RO A A B0 m A AlER s, AN B
OB I AAT o hyBE— 200 A S AT (5

o2 R 2017 4F
K H] Chow ™M H 1 37 25 W0 50V 43 32 20 B Al 4 2
W

u=,Rg(d/w) , (@]

A, RAMWIEIREE (m), dASIEBRE (m),
w B TEIE (m), g A E I (N/kg). P53
B mUMAh 19.8 mis. Ar it L&A EZ A, 4
SRR W d5 K A SO0V 5 AR IRV RS AL (D
M, 1A 36 mYis), FRESE H TR A ZE SR 1N ) FARE
N B Ref A dNEEE IR RIS E AL (F fD. C
FURE ROESE 5k 20, 22 mis. A LAEH, B fiis
LS R & SAHZEAKR, REME g O3k
BB .

3 IABNAIGHA R
3.1 WWAZE

AR HORZE T KT (DPRID Al )3
B4 (ring shear apparatus). %A Hi Sassa #eit?,
I 1 SessA®™ A BEAT T HEMME), BLE K E N
DPRI-4, DPRI-5, DPRI-6, DPRI-7 fLIfEHA MR
B RG . REEE NI P R R IS A
AL B B A R BT R, N R
MAHOKE DI & (K5, BIUI&m B FEadl, W
AN RRE S . W NN SN REEIR I
M PEPE . IREEBEAS AR, ORAUEAEIE 0] R ) B
(R AC O | < 7 Q) RE 13 P : UM 119 | = R X 2R
FEREINIE M N g, 72 NBIDIE RSN T, B SR
ey, MM BTYIARE . R R HEAK 1 dHEK
BANHE KB V)4, RIS TR BY DI LR BIUIAL
¥ BINFIIENJ). ASCfER DPRI-5 B8, H
BIYI RN ARh 120 mm, AME 180 mm, %k 115
mmo.

35
5 DPRI IRBY{SLig it E>
Fig.5 Design of DPRI ring shear apparatus



12 4

BEEME, A SR TIRBTIG AT | M K R R SO R

2271

AR E A IRV BRI 7, o Ak fE i
B R BB A A SRR A, R
BEFIARSR 78 40 e f 72 100°CHUA T i T3R8
SCORSERR A, LRI & FOR X2 30 mm,  BAYE
DPRI-5 PR BIREG h XS R/N ik AN ][] 3 i 8 714
PErf, B BFFEN GRS ki 45>4.75 mm FiTki,
I A A R BRI BB A5 >2 mm BTk, A R
PRUE TR JSUA JLC R TR PR T AT . IR ik
RER TR 1 25.4%, Kuenza 25121 2, A 2 5 <40%
I, AORFBT ORI B2 B M R, EISLUAR G
AR A U2 229 S) B R B A X A ORI HEA T 5
Wi, [ 6 A BT ARERU 4 A, IR BT LR
G=2.70, f/NT%r,, =156 glem®, kT3
M e =2.13 glom’®, BRI E i C=21.2%, RBURE S
il 50% 1) d K KiAE Ds=0.18 mm, AH5] R %
U=1.15.
100
80 -
60

40

JREH /%

20

0001 001 0.1 1 10
P /mm
E 6 XAFEHS ik
Fig. 6 Grain-size distribution of samples
ST R AR OB D) S .
B, R ek alhee N <, 5
THRR S S AR AR T . RS
Bn s Bh 2 eys SRR S BT D) G, BT D) & AR R
BEEH ) (B 7)o T BRI T3 COL 1K L AT A
L Bp A MR REH AP i oE AT I A HE K IR ],
JEINIEN Ty, SELEFED O Jads 1Tk, ARG /EA
FEARSAE N HEINIER Sy, [ I P ALK Hs T 1
iR A Bp:
Bo=Du/Ds )
X, DufLEME, Ds RMIENJHE, % Bp

KT 0.95 i AL R0 AT EE SR o T e e I 6] 45 1
(s ) AFIRFEMZY, 7 IRE R ) o A% AN TR AR A 36 1

Il 25 56 Ji o
] 45 5 PRdes AR, DG BTG 0 iR i
BYUIN Ty, BRANBYN g, 48R g R R B g
INARERIR, BYUDI s R s By )20 8Y R ) J
AAEER GRIAFEIA R R PUBIRAD), WEiF 1k,
FH AR50 Fr 00 ) WA TRV A B I g 9 26 B B AR B g
P07 R4S BAAE I DU BT SR E o AR RPUBT AL 7o
R AR TR R B DT . WU RE D) BYD)R
FE SR BEAYE T, BEAT AN BRRE 1 R HEZK i 85 1)
(UDDS). /K878 (DDS) il AL s 1
BIUIAE: (DS); AWFFURFE M RHE SN BY V) 44 F 1L
FEMIK . WBAGRE D WAL e SRR M AT A
FEIARHE K B 8T D1 E: (UDCS) . 56 S Hgs )
HTEK 1.
50

40

L
[=]
T

EEHES1/kPa
8

—_
(=]
T

ll() 1|5 2|0 2|5
B fA)/s
E 7 R SL R BEE N
Fig. 7 Rubber frictionsin test S1
3.2 WHEYIT A RIRILEFE
(1 AHEKE 85D
AT ASHEKE A BRES, R0 A FE AN )35 5 ik
FEBS UL, A IEN I BIURRE . X FRreE, 20l
TP, R o SR R T SOk Ik 3 R
WURE (S, S2, S3), %434k 1.86, 1.91, 1.96 g/em’,
B R PR I Y ) 200 kPaANAS . X T a3, ik
FAT-UCRERIRE: 4 air AFFEPY, 42 %ISR 100,
200, 300 kPa —#iEN}) (S5, S1, S4) ; XFFBIMN
J3, AR R PR S H P, g4 ni AEST
A LL 0.5 kPals Jiti BT MY 17

[=}
w

=1 RWER
Table 1 Results of undrained ring shear tests

&L;:: is3 s y EN : is3 SRS is3
st Sk r JIIE 'BZG FLEE L bR ERN T VA s ZN e FLEL
< /(grem™) e Bp s, /kPa t; /kPa t /kPa r
S1 ubDS 1.86 0.45 0.99 198.0 64.3 21.8 0.91
2 ubDS 1.91 0.41 0.96 197.0 82.1 23.1 0.87
S3 ubDDS 1.96 0.38 0.95 198.0 140.7 34.3 0.76
A ubDDS 1.87 0.44 0.97 291.0 105.2 25.6 0.93
S5 ubDDS 1.84 0.46 0.98 99.7 57.2 22.6 0.96
S6 UDCS 1.86 0.45 0.96 201.7 162.3 29.8 0.89
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Fig. 13 Results of undrained cyclic shear tests
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Seismic stability of anti-sliding cantilever retaining wall with EPS compaosite soil

GAO Hong-mei* 2, BU Chun-yao', WANG Zhi-hua®?, ZHOU Wei*, CHEN Guo-xing" 2
(1. Research Centre of Urban Underground Space, Nanjing Tech University, Nanjing 210009, China; 2. Ingtitute of Geotechnical

Engineering, Nanjing Tech University, Nanjing 210009, China)

Abstract: Shaking table tests are conducted on the inverted T-shape cantilever retaining walls with an anti-sliding tooth to
comparatively study the seismic stability characteristics using EPS composite soil and Nanjing fine sand as backfills,
respectively. The seismic responses of wall-soil system and dynamic earth pressure digtribution behind the wall are
comparatively analyzed. The influences of displacement modes of retaining wall and the properties of backfill on dynamic earth
thrust are emphasized. The experimental results indicate that when using EPS composite soil as backfill, the acceleration
response on the backfill surface isrelatively small. The contribution of dynamic earth thrust to the wall rotation increases with
theincreasing input peak excitation. Theinertia interaction between wall and soil is closely related to the dynamic deformation
mode of backfill. The distribution of dynamic earth thrust behind the wall when using sand as backfill is obviously different
from that usng EPS composite soil. The relationship between the dynamic earth thrust and the peak ground acceleration for
sand-wall system is nonlinear, and the acting position of earth thrust is approximately 2/3 wall height. A linear relationship
exists for EPS composite soil-wall system, and the acting position is close to /3 wall height. The acting position of earth thrust
slightly moves down as the peak ground acceleration increases for the two test systems. Based on the comparison between test
results and severa classical andytic solutions, some suggestions are proposed regarding the seismic analysis of flexible
retaining wall when using EPS composite soil as backfill.

Key words: cantilever retaining wall; EPS composite soil; seismic stability; dynamic earth pressure; shaking table test

0 3 = PR TR R TS AT 202 i e A, A

EPS JR& T/ — A AR . EPS Wiki. Acfik  MFEEEEETEIA TSR kL, EPS R T RATLL
VEHOM MRS A MR N TR A T L TRl 2
AATR T RGeS AT w4 DL R PRI A
SRR TR 3 20 40k, EPS VR A 1 7518 B T

EEWH: ERARFELEESTH (51578286)
Y¢Fs HE: 2016 - 09 - 02
*WIAfEE (E-mail: wzhnjut@163.com)


mailto:hongmei54@163.com
mailto:wzhnjut@163.com

12 4

i, S5 [ EPS IR G IR E R AP R R E T B 2279

I T OEPS A L e T ol js /N B
LTI @QEPS A U vl sk /N R AR Hi B 3T
B s @EPS VB £ -1 (1) e st M TR A T 398 st 35 (0 A e 1k o
IERCh B, —SeRs s e EPSTRA L 122w, 4%
) 2 T 1) "R P () A b 255 T P e 1 K S
IRIFE T TAER, H2, EPSIRG 1 SR H
(S A9 R IO PUEPE R AT D i

£ 1 5 A0 b R AR MR (A% 0 1) R S — L R) 13
FIFIGHEAT EAER . b, PAh BRI BRI R
Bi- LA EAH EAE R DR R o PR B R dE P
. Heahaduik B S RN R AR gLl &
A ETEA . BN, HER T 5k
P AT R AR R RIS 1 TR
BN IR RN, LR BN R T,
FIT55E5 ERsh - h T LA 2 i, [
PERS LR GRS AEEZ) BRE] . S5 ARIE)  EAEH
[E) S P N - € 0 N = e e A | N 1
(R AR P AR Xt A S i Bl — AT AR B A i B N 22
FRE FEAC AN FRPATHE, AT =AW A A Ty
Rk EakAEs. B, WA R Z M L A%
IR 0P 4 TR O R RIS R B
T 5 s ) 2 S 18 AVt 1) K R T B g b A AR
5 R B B A B A RO, 22 S 1) B AR I

MR AL ) AR R A R R EU -1
A AR AR5 1S T a5 R i e RR A 2 % )
A . 7 L Mononobe-Okabe 4 82 [l ik,
S5 B S N M RS, s g IR g A
PRI S, TR s A5 ) /N AR e R ok A
REH e bl AR Ak 5 b, IR ZRLUFEAS I R
ST RRA R I L 2 A BN b R PN AR LR
e - LMW EHEER. XBSHNH
Mononobe-Okabe 2} 75 % DAL & A 38 (1) 5 Ak v B
B AR 03 BE B AR . LA Wood fif R A% 2 (3
ST TR B D i T, i e
o2 YA [P e R R R TSR A58, A — o i B 17T A 28K
7N ah, AW I AR Rt
RGBT AR DAE — 2 A 3% L8 AZ B AH HLAE F G -
R E PR e,

BT RAR TR EFEE T+, EPSTRA 193
PO B AKIe RS iR gk . WAR, 1EARE S
3k, EPS RA 5 85 A s 2 A A B AR R R
ERIR - BRI R IAEEA R o AT 1 5E T RAR 143
5T 8 L I AG T e S ] EPSTR A 2 75
BB, A, ASCUARRIIE AR “T” B
PARE N, 58T EPS WA 4R REh & AR AR
Ko, 5 RIR AN R R IEAT O LL AT, $EoR

EPS i & AR RS e Pt R A e RS AE, A
MR CREMPUR BRI S B M

1 fRepaikmgit

WIAE AATOHEIN & 2By O LA rhse . 148
B RSEFR 35 m(K) 2.2 m(55)” 1.7 m(E)PE, iy 1
B2 LT AROLLE 1 4 Bt
1.1 RIHRE

ARSI EE e T EPSTR A LBk R s Aa e vk
N T g RAR A A HEAT S B, AR A - Ak &R
2 A R R b R Rl AR ST T R S [RIERL S350 A
EPSRG T AR s WP PATALRY, ¥ 1 PoR. ™
F 44 SR SE A AR IR A4 LR LRI R ST, A
1) S 4 5 L AR 2 TR AR R L TR R e

SRR
*

B A

1 EPSB& T I%FNR R4 Ry - IR IA R AEE
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BRI PR LB AR R ] 2 s 3 B
(R 1B SRR 0.3 m RIS R L4 1, B R HIAH
A RE SR 1B, JEERER 0.37 me A 4sk—rg 540
WA % (Wall-Nanjing fine sand system, WSS), [A[3E g
SUCARP IR 112 m, gy 5 JEES. 68 T RE-EPS
V8 & 144 % (Wall-EPS composite soil system, WES), 1%
JEBTBAIIE EPSTR A 1, [RIFES> BRI, [HIE A1)
EEREFRIFE N 112 me EPS R A - 1 [ X Sk fE 3 -
RIS A 1.32m 0.9m, Wi 1R,

EPS R & AR FE R vHBC LR skl L ZK e Rk $i
FERURAIRG, BN EPS Bk, FRx#iHELLRAS EPS
RIURLAE AT S8 50 S0 AR (PR 5 S K FLBIN B Ah Tt A5
RORIRE 5 46 S LA R (8], F2 47 7 d ST IR
1.2 $EiEEE

R R R IE SN Y B S Y o ]

“TV RUEME A, AR IS T 1 4 4 R
LCAITRIAE . BSR4 98 2 12 em. % 10 cm. £
SRR RSE LT 2 (). 441 45 ) SR FH oK TR ok
TR EE. ORI e L BT IR R SBC A B LK DK
Ve AKE D hb=05: 11 0.6 5.56. JEELRE A4
W7 AT B AN 22 AR o SRR 22 1 A B AL 52 TR A A e



2280 Fe)

+ T

2017 4F

INECA R EESR, AR RS R B LR R sz b 1
DI

%2 HET T EYIE NFHEFRIER
Table 2 Physical and mechanical properties of foundation sail
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Table 1 Physical and mechanical properties of sand backfill
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Fig. 3 Input seismic waves in shaking table tests
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Fig. 5 Retios of peak displacement of wall top to height of backfill
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Table 5 Calculated results of dynamic earth thrust behind wall

WIAER SEN B EL-1 TA-1 EL-2 TA-2 EL-3 TA-3 TA-4
Py/kPa 0.352 0.39%4 0.579 1.103 1.318 1.919 4.930
P,/kPa 1.758 2.673 3.706 5.938 6.341 10.247 11.284
WSS Py/kPa -1.588 -2.147 -2.888 -4.454 -4.904 -7.291 -7.833
a 0.166 0.156 0.153 0.150 0.153 0.146 0.143
bs -0.0133 -0.051 -0.041 -0.024 -0.009 -0.023 -0.055

APy /(kN-m™) 0.557 0.861 1.198 1.930 2.052 3.353 3.704
Py/kPa -15.67 -11.260 -30.37 -38.31 -40.88 -65.24 -92.76

P,/kPa 2.415 1.562 3.421 5.199 4.79% 6.248 8.496

WES Py/kPa 0.506 0.375 0.962 1.88 1.527 2.28 3.14
8 0.047 0.043 0.035 0.042 0.037 0.029 0.021

be -0.019 -0.014 -0.008 -0.0 -0.004 0.002 0.009

AP/(KN-m™) 0.463 0.721 1.001 1.538 1.406 1.808 2.427
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Gas Klinkenber g effect of low-per meability rocks with different degrees of
water saturation
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Abstract: The research on gas Klinkenberg effect of low-permeability rock is an important issue in the field of underground oil
and gas storage, but the current one on gas Klinkenberg effect is most conducted under single-phase flow of gas, lacking in the
research on the action of fluid on gas Klinkenberg effect under two-phase flow (gas-liquid) condition. Therefore, using the
low-permeability rock permeability test system, the change laws of gas Klinkenberg effect and the effective permeability of
low-permeability rocks with water saturations ranging from 0% to 70% are studied. The experimental results show that: (1) The
quadratic formula k; =k, (1+b/q- a/ p?) can accurately interpret the gas Klinkenberg effect of low-permeability rocks, and
its accuracy is significantly higher than that of the Klinkenberg equation. (2) The water saturation of low-permeability rocks has
significant effects on the Klinkenberg effect. The gas Klinkenberg effect decreases as the water saturation increases, and the gas
Klinkenberg effect is completely limited when the water saturation is more than 50%. (3) Owing to the effect of water, the gas
Klinkenberg effect of water-filled low-permeability rocks declines with the increase of confining pressure, and it is opposite to
the Klinkenberg's theory. (4) The water saturation has significant effects on the effective permeability of low-permeability rocks.
The effective permeability decreases dong with the increase of water saturation, and the sensitive degree of the effective
permeability of low-permesability rocks to water saturation decreasses with the increase of confining pressure. (5) The
relationship between the effective permeability and the water saturation agrees with the power function relationship, namely,
K =k(-8,)".

K ey wor ds: low-permeability rock; Klinkenberg formula; water satureation; effective permeability; Klinkenberg effect
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Fig. 1 Devicesfor preparation of rock samples with different water

saturations
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Fig. 2 Rock samples with different water saturations
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Table 1 Parameters of rock samples
KM W amws ol [ [ [ [ -
HH HE B ;Mg JH 5 i W FLBR ———
Jpa . IX. ] 3 EE/O, e
S /mm  /mm 1% /g e I(grem™) FEI% —— -
S1 5002 5051 O 24515 247 247  7.09 B —— =
S2 4997 50.86 1236 24521 246 247 691
S3 5016 5048 19.36 247.06 248 249  6.96
S4 5013 5058 31.87 24442 246 250 7.7
S5 5021 50.85 4243 24818 244 249 715 L X
S6 5004 5072 5043 24627 246 251  6.91 SR H ‘ ‘
S7 4985 5140 70.00 24985 244 254  7.02 ﬁfﬁgzﬁ
p=p(t
Rt 4 SiEHEEREREE
Fig. 4 Principle of gas flow method
RSB R 1 A 2
20Q.mL
k= 2R, ®
A(pP” + 1)

3 MR ETEE
Fig. 3 Test devices for inert gas permeability of low-permeability

rock
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Table 3 Fitting degrees of Klinkenberg equation
35 YR A
0 ----ﬁ§k§n§eﬁf2\§§%mﬁ . B KA il /M Pa
T2 Toen e g s0am FE£1% 3 5 10 15 25 35
T 25 —A—5-319.36% —p—s-770%
4 —¥—-43187% = 0 066 084 08 08 078 0.79
E, 12.36 077 076 08 069 075 0.72
’\fé 19.36 071 084 08 092 09 0.83
§ 31.87 077 08 060 059 069 091
r 42.48 074 079 093 084 09% 0.82
50.43 074 037 048 055 022 0.60
LB 1 U MPat 70.00 042 036 031 020 026 0.08

(c) EHE10 MPa
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Table 4 Fitting degrees of Equation (10)

E/K AN [ [E/MPa

JE1% 3 5 10 15 25 35

0 0.95 095 094 098 097 096
12.36 0.87 095 096 093 093 086
19.36 0.87 096 099 097 100 098
31.87 0.92 092 083 071 074 096
42.43 0.96 089 092 098 099 093
50.43 0.73 069 089 089 0.8 099
70.00 0.76 074 065 045 055 0.90

HE 3, 470, X (10 MIAELR, Bk
ANIE T0%I0 4 FEAAN ) 22 41, U5 BERIAE 0.85 L
by WA RCR L LF T Klinkenberg 23 SR 25
RN TARBES A (100 RS BN,

SO HE .
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FUA TR I B K MR VA BT S F, B — IR
AT LUMBRE N k- pt 6 2 i i 3 ELAR (5L R . DRI
SRR [ 2 AR B A RE R T D T b Sk
W] (1) 56 R BEAT 1HE -

%5 BlREFb
Table 5 Klinkenberg factor b

E/K AN [ [E/MPa
JE1% 3 5 10 15 25 35
0 026 026 026 027 028 0.30

12.36 031 025 025 024 019 017
19.36 025 023 017 016 016 012

31.87 020 014 011 006 003 0.03
42.43 009 007 004 003 003 0.03
50.43 003 002 001 o001 001 o001
70.00 -021 -0.27 -034 -0.32 -030 -0.39

T B A7 T MO AL B 5 7K T AT 2 A ) s 11
AR, A ANTR] B s T R 1R 7 Tt DR i 5 K A AT
ATk, Wk 6.

0.5

—a—3 MPa
—o—5 MPa
—A—10 MPa
—v—15 MPa
——25 MPa
—<35 MPa

WA F-b/MPa
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BRI /%
6 FRIEETERETbSEKBFMEXRZILZ

Fig. 6 Relationship between Klinkenberg factor b and water

saturation under different confining pressures
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Fig. 7 Relationship between effective permesability and water
saturation under different confining pressures and fitting
curves of power function
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Table 6 Decrease degrees of effective permeability of rock

samples
[l /M Pa 3 5 10 15 25 35
T R

1% 80.83 8242 89.98 9463 98.00 98.80

MR 6 W, SRR IERN LR AL
RN (0~40%) I, FEMINIE 409%I, AT
ReBiE B O b 80%LL b, HBEH B ER, 5
A BB ER T RGO, RS FES KA AR A
MEFEAHF S DL (AN 0 B 40%),  JIv it i 11 Fl s 8
K, EFEAROEIE R R, PR s ok,
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Table 7 Fitting degrees between effective permeability and water

saturation under different confining pressures
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Experimental study on mechanical behavior of weakly structured soft clays
CHEN Bo"?, SUN De-an’, GAO You?, LI Jian®

(1. College of Civil Engineering and Architecture, Quzhou University, Quzhou 324000, China; 2. Department of Civil Engineering,
Shanghai University, Shanghai 200444, China)

Abstract: The oedometer and triaxial shear tests on undisturbed, remolded and reconstituted samples of two different weakly
bonding soft clays are carried out to obtain the compression curves and stress-strain curves. The test results show that the
compressibility abruptly increases in the compression curves of undisturbed samples, and the difference among compression
curves of different samples is obvious. The grength is not only different for undisturbed and remolded samples for the
differencein void ratio, but also different for samples with the close void ratio when they are sheared under the same confining
pressures, because the strength of clay is affected by both void ratio and pore-size digtribution. The undisturbed samples will
have the highest strength and the remol ded samples will have the lowest strength if they have the same void ratio, and it is valid

for different soft days used in the tests. The relaion of strength among different samples can be explained reasonably by the

volume of pore per unit soil volume with its diameter greater than 0.2 um and the uniformity of pore-size distribution. Because the

0

difference of the pore-size distribution curves among different samples cannot be eliminated by the increasing consolidation

pressure, the reference void raio €, a parameter smply describing the void ratio and pore size ditribution of soil (fabric) is

introduced. The compression and shear test results of different samples dealt with by the reference void ratio €, show that they can
be normalized to unique ge,ro, and e/e,-q; curves with high correlation. The normalized results show that if the stress is larger

jillf3

than the structures yield stress, the difference in compression and shear characteristics among the samples are caused by the void
ratio and pore-size distribution (fabric), and it can be Simply and usefully described by the reference void ratio €.

K ey words: soft clay; compression curve; stress-strain curve; pore-size distribution; reference void ratio
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SRR BN R R, EX RR VTR RS 11 T
s B EEE P, BT, E RSN AT
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(8 A R0 o 85 A R s S KRR A T 4 AN [ 1 Ji
DR o A G iy NSO FLAT 23 A1 £7 BE K BRAARE T AR 254
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1 RETHIAR
1.1 Rt

JOIRFE CU #3056 FH 1 JSCIRAE I B i 25 A
VLIRS N, B R R DL R 219.8 mAl 1.5 m,
43 ok SR PR AR ORI AR R G L. 3RS
JUE I JECIR AR, BORE 5 538 2R H R 30 R 48 /N 1)
Block HUFE, 4 Lacasse 25O H 113 it A2k [
g A D) B RN R SCIREE P8 2
FEr 51, 1928 B Es T AR 44E l 3.5%, F

AR - ARASS M 2.4%, I7E A%LL T, J8 T
FEUR LT BB LA, TARIBEAY PR WL 1,
F 1 XS TR ERYIRRE
Tablel Basic physical properties of test samples

e A G
R WA HE RAREK BRI R )
- JEm  Gs  E% W% W% m&

FiE4 9.8 274 439~538 442 243 84
VLHvEN 1.5 275 47.8~524 583  26.7 41

G5 AR A JEUIRAE 22 U B ) T4 6 45 S 1 )
.«

FIARE (RAED: B AR 50 75 B2 DI HR 358 43 B
W REES e, TR, FRuREA
FFE AP EIIRE GBI TS E R+, FHUIH
P 3 i o e T I A, B Remolded . il
FE 77 A5 3 1) A AR BEAAS 038 SRR (1) B 7K 0
EIEEDLT, SEABIR T AR 45454 .

RFAE (SF: FHIIHERI LA iR i
i, FOHEE, BURMAYER, BIAER 15 om &
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oy, SRS (. R ARAE R —[E 45 R,
AN Rl K SRR AT AR R R 46 5 AR LB L, &
IR HILER PRI 2 5 4547 .

1.2 REAB

FEARRSG: 2 5 FHER PR 3R 1 IR Ok . E99
FEFNYE 2 REHI % h=20.0 mm, d=61.8 mm [KiXkE,
HEIR TN SR, 421 T ng e gondk. A
B RARNE 2 [ 25 1) 5 1, R 2K 45 1 A0 24 24 h,

BYURRLG: B REL L ERAE . EIERE R AT
HEATAS ) Bl 1740 45 B H 1] 45 A HE AR 25 HEZK B )
R . HEKBIYNRAL T, FE R L EIE RECR N
(29107 cmVs), 4 fRAIF BT i Rt v 7 A (R LK s
JIReATERNE G, REIE S BT, Bl N AR BT 1)
k) 0.00275 Yo/ming AHEKEITAR S, B 185 Y)
SUE NIk AL 7€ R A AR 113 U7 N N M
T ek /D BY D) INFTR], R BT P 2R 42 = 2 0.0413 %/min.

FERARG : AR 7 VAR 10 i R AR b
IR TIHEN R T 25 b, o g0 # 3 H AR 1 4517,
RRRFEAE IR ) N AR A B e I » AL 540 HCH
R AT AR YRR T (R4 L AE, SRADOERE 1405
IR 7R AR &5 SR 5% i S48/ N TR B VA Uk TH A T i 3t
AT EFETHE, BRI SCHR[23], il % d 1) A
7258 9500 B H R S AT e R RS, AT A3 81 Hifg A 1
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Fig. 1 Normalized intrinsc compression curves of undisturbed and
reconstituted samples

2 AWEREASH
2.1 EHRBRERSHH

Kl 2 0 IR 4 il 5045 2 A RHAFE ) e - logs , i
2o MBI RIS S5 T g0 JOIRFE 1) e 4 it 2R 1 &5

PR 12 1 ERERARTEAR AN, 45k i 2
i, TRERAR TR SRR, P AT A R
TR BERR A Lk, 5 kI g R, [,
b TR I R JSOIRFE S g e el el b vk 1, L4 ih 24
A HH I i s 5 2 R 1 -k i LI R «S” AL £k .
T 5 BRAERIR FLBR LE B FEa I A (R
T IL el o B O AEIR, DR A — 2 1 ] 45 1 )
Ji (25kPa) , FRAF & NIEAN —4HE, HAHR
(R 25 RS, FLBR LB FAH B R A . D82
FE (SFE) W T HIRE L RE P 295238 70 kPa 1 i 5 [
SEIE ST, PEWIA LB LIS N T JORRE B E R R L
Batbt, H AR TR B 45 e ) 2 BN, i
[l 25 1 2 i, AR i i 2 W R A ) — 4 H 2k
B [ 45 D 3K, YRR FELEAH IR [ 45 Hs J) F R
FL B RE BT SR ISLEREE, Wl 2 Bias. i 3 Fhih
FE D500 T R R N AR LR 1 PR 4 k1
FEOIA B AT, 24 45 ) KT RN g )5, JRURAE
IR TE I RE S R TAHNIOTR A, VeFEMIRPTAS
TEfie 1 SORTAH R B I8 . X2 BT AN A LR AL
A ATAR G RN, eSS 3 gl b

14r E
O--on -o- U 1328
12 % -&- R 1.338
: Aein o, -¥- S 1.088
Voot
Lof IS
w A‘::V\ ‘Q\
NS
081 R
\:XIZ\D
0.6 S
0.4 1 1 1 1 1 1 1
0 5 10 50 100 5001000 5000

a,/kPa

(a) B¥WAFL
1.6

iﬁ": €g

141 —— U 1498

—— R 1.505
12k - S 1.412

v 1.0
0.8 -
0.6 -
0 4 1 1 1 1 1 1 ]
o 5 10 50 100 500 1000 5000
c,/kPa

(b) IWHE B
2 FERHE e- o B2k
Fig. 2 e-o, curves of different samples

2.2 ZHEIRRERS SN
AR JEORAE . F SRR R AL 1R[] 45 HE K B DA
45 AHEK BT URAG 45 R, 152018 3 Fros iy 1) -
AR - fLHEs 2R 4 Fros iy ) - AR - 4442 i
2. B, FPRMaRR(GS,-s,) - e, K&RE. P
sFore, (U) - e, K F. Hrdrs Als, A Y
715 e, Fle, Al NASRIRN AR u S FLBRAKHE J) .



%123 R SN )t ) R e s i U 2299

MNIEL 3, 4 P HE L, BT R K T i 45 4 )
IS ) BT 45 R I, TEAR S SRR . EIREE
VIR, KNy - NS - R (LD ihkE T
BRI A — IS R8P0, B B g e 100
KPa [ 25 AN HEZK BT PR 56 5275 Sy JEUUR A 1 3R K
TEIPPERAN, JUARLA ORI /N T Bk
(ISR, SRR R 4 AR . X TSR
HEMREIPOT TR R, WIARFBE - HARR
T XC et 537 € T Bt 8 AU AN L LR I RO L
SRPERHAT, ELWIS T SCIRAE RO PT B, 1T 52 B K
BT YR SRR O HUBT DR PR D S T A SRR A R
L5 BRI B B . R AN RS 1R A
REAS BB SR WA ], LR = e AR R
BN, RE FIFLAR S A AL SR R A i A
FEZE 5%, 1 H A SBUeA I 8 IR FLBR LA AE R R 2%
S, TTBTEIRTFUBR LT 1 s e By S g™,
DRIE, M BTAR IR T AR sy s iy, it
REIZERD (ALBRELRIFLAR M) TILES 5 .

300 LAAAAMAAAA 24 A4 21
VWVVV"" oY v v

P

& 200 ‘w AAAAA AAAA Aas 2
2 aadah A AAAA A 4
? 44885 apdddeat, 0,
5

a8 &

es 8000008 8800, .

e 0 0 288 S s PPPma0 0

F%, 00000000000 0 o./kPa 100 200 400
U o A v

(b) MHERRL
3 FRIEHBIRM A - T - FLIE ML (RS AHIKE
Fig. 3 Deviatoric stress-strain-pore pressure curves of different
samples (CU tests)
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Fig. 4 Deviatoric stress-strain-volume strain curves of different
samples (CD tests)
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Exact solutionsfor dynamic responses of a cylindrical lined tunnel in
saturated soil to internal blast loads

GAO Meng"? ZHANG Ji-yan" 2, WANG Ying" ?, CHAO Ming-song" 2, CHEN Qing-shen®
(1. Shandong University of Science and Technology, Shandong Province Key Laboratory of Civil Engineering & Disaster Prevention and

Mitigation, Qingdao 266590, Ching; 2. Ingtitute of Civil Engineering and Architecture, Shandong University of Science and Technol ogy, Qingdao
266590, China; 3. Department of Civil and Environmental Engineering, National University of Singapore, Singapore 119077, Singapore)
Abstract: The dynamic response of tunnels under interna explosion in reality is a three-dimensional geotechnical problem,
however, it is often smplified as a plane strain problemin 2D mode which can only deal with the dynamic responses of tunnels
at the source of explosion. To evaluate the damage of the explosion to the surrounding areas of the tunnel gpart from the section
at the source of explosion, a set of exact solutions for the three-dimensiond dynamic responses of a cylindrica lined tunnel in
saturated soil due to interna blast loads are derived by using the Fourier transform and Laplace transform. The surrounding soil
is modelled as the saturated medium based on the Biot theory and the lining structure modeled as the elastic medium. By
utilizing a reliable and efficient numericad method for the inverse Laplace transform and Fourier transform, the numerical
solutions for the dynamic responses of the lining and surrounding soil are obtained. The 3D dynamic responses of the lined
tunnel and the surrounding saturated soil medium due to internal blast loads are then presented and discussed. The results show
that (8) compared to the smplified 2D plane strain model, the 3D model yields smaller predictions in the hoop stresses, radia
displacements, and pore water pressures; (b) the dynamic responses of tunnels decrease sharply in an oscillating manner as the
time e apses, while such responses attenuate exponentidly with the increasing distance away from the explosion source center

at both radial and axial directions of thetunnel.
Key words: cylindrical lined tunnd; saturated soil;
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d
2G;B,b,K, (b,r")/r’ ; (9d)
s, (r",w, p)
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s [@+h)w,pl=s [@+h)w,p] . (10b)
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W:(I'*,W, p) = _alBlblKl(blr*) b a2B2b2K1(b2r*) ’ (16)
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3.1 ZTHMZHTEERWL

bGP e N S ER P WL VA O
Yo STk VI R AR ) R, SRR R ) Y
YR FTRIE AR EAT R R TR = 4ES)
J30 N EE ] 2 s o

M 2 (2 ATCAEH, AR YE47 B A WA
R X A L)y by NP B ek X o | VAL 2[R b N
2y 10%. K&l 2 (b) o, YRl - = gEALERK R ) g S
LB R WA 22 SRS ) s, T LGS R
12%. XA ZYESAE R, BRI il 1 B Ak



2308 a5 oE L OB ¥ M

2017 4F

ARy, A2 T TR N, T = R
HE AT 28 LA DA Lo d il 0 1) A D B s 0. DRIt
THERTH RS R YT S ETR K

04

—2D
--—3D
0.3
§ 0.2
%
0.1
0y
—0.05 1 1 1 1 1 I |

1.05 2 4 6 8 10 12 14
R

—2p
---3D

G{/PO

_0~1 1 1 1 1 1 1 ]
1.05 2 4 6 8 10 12 14
R

(b)) A 12 B AR P FLBR A BE T W2 1] IR AR AL (r#=1)
2 THEM=HITEERITL

Fig. 2 Comparison between 2D and 3D dynamic responses
3.2 ZHIHEHERDR

K 3 29 WISERA R B8/, R REE i) = 442
I A7 A% oH LA R

K 3 (a) NBEIE N &I AL IR e . A&
AW, BRIENERI (=1, Z=0) WS
[T S, Rt 45T 40 B 0. HIEL 3 (b
AL, BERIE AR AL ALY B ABEIE N AR R O,
LU A0 ) 2 7 0 il bE e, X 5141 3 (@)
T PR3 3 (o) ngnt =2.9 I, 421
FERAE RIS O BIR A, el AR ) 7 ) L, BE
5 PR PR B R iR e, HEAERN 2 (ZR) =
+5 FIAE ) ¢ =8.6 AL LI K 0. W[t =125 4Rz
B oAt 3 (d) s, A4 R oA

035
0.30 [
0.25
0.20
0.15
0.10
0.05
0 -
-0.05 |
-0.10
-0.15

u, G,/RPy

1 1 1 J
0 10 20 30 40 50 60 70 80O

tiTy
(a) SRR .40 IR TH N FRIEAR [ RLAB I 2 1 28

zIR

(d) "=12.5E 300 A - R i 2 1 8 = 2 43 A

E 3 =HR a0
Fig. 33D radia displacements

PSR AT A T Ao b5 0 L o R - 4 et b
A ) N an i 4 Fros o

] 4 Ca) w] &, A% 10 B 7R E R Ik 1] (£ =0.1)
SRR, 17 B I ) (R G T ORI, B4
e =30 N EE9CA 0. WK 4 (b) "TLUEH, ANFER
ZIPAZ 0 N 537 R TE 2 7 ) G 3898, 2975 5 k%
BN TR 0. H1E 4 (o) F14 () aT4n, ek
PR N ) R ARG, IR AR, BEE S
AR5 I P 1 g T ek
oo}
06
05
04r

031
0.2

0.1
0 L/\f
-0,03
_0- 1 1 1 1 1 1 1 1 ]

0 10 20 30 40 50 6 70 8
tITy

(a) SRR CPCAT -5 A fl b2 16 By 88 2%

O'I./PO




% 12 3] o B SR AU TR VR e TS IR 1) 1 2 i A 5 2309

—11Ty=0.1
071 ——1ITy=2.9
06k — —tITy=125
-~ tITy=22.5

o /Py
o
N

2 ‘ 2 14
g g 2 10 1

\6ng52 A& ThR
() £*=0.15F 24 U FH BB L VA2 1l B ) = 4k 53 A

(d) =2 .98 20145 180 Al BBl AR 1) oz ) =48 43 Ai
B4 =HEREEN
Fig. 4 3D radial stresses
Bl 5 R (12 NS IRERT U ER R, R 2 e i
TR AR = 4TI N N s 0 R s & 4300 ok Aot )
SRR AN AR D) 7] Y T
M5 () al%0n, t =2, 7eamiiefm b,
TOR ] ) AR (A7) [ B g 359028 BV AEL, 1 s e B i)
kN, FEAEY =40 RN E] 0. BB 5 (b)) mlA,
IR Z PR 1) ) 18 3 34 s Bt Al 1) ) R 9. 11 4 (o)
A4 (d) Rkt =01, 2.9 I, JEE AN
=Y. HoamMEEE 4 (o, B4 (d 12m
N 3 3 A B3
08
0.6
0.4}

02f
0f .

—GLe/Po
—'—O'se/PO

] 16 ZIO 3I0 4IO 5I0 6I0 7I0 8I0
tiTy
(a) IR AR5 AR i b b1 v O 7 Bkl 2%

0.6
0.4r A,
02F NG
o—— el T
s —0.21
S o4 — HTg=2.9(c1%IPy)
® _o6r ——1/Ty=12.5(c%/Py)
-0.8[ — —1/Ty=2.9(c1°/Py)
-1.01 —1ITy=2.9(5,%1Py)
-12F — —t/Ty=12.5(c,2/Py)
_}g 1 1 1 1 L t|/T0=%2"5((|759/P0)

-8 -6 -4 -2 0 2 4 6 8

(d) r*=2 92131 A Bl L Ak Y 1 7y = 453 A

E5 =45 N
Fig. 53D hoop stresses
Kl 6 W ERVERTEE TR, Ak [l v fn 1 44
HFLBRAK R A5 R
HIE 6 (a) ATLAE Y, T ah f AR -+ e fih
T by FLBSZK Hs g IR i 8 5428 1) I ) RD) i) 2 g A%
s —30, FLBR/K I 7E e O B, SR
Ji Bt IS TR B2k, HAE t =30 W29k 0. XTELIE 4
(b). K5 (b) P 6 (b) a4, fEAERZ], FLB
K 7 1 36 YA, 5 42 1) I8 1 AR D7) ) I8 3 () S ek
5. K6 (o) file (d) 404kt =01, 2.9,
FUBRIK () =4 o3 A o oo A RS 4% ) B ) A )
) N (R — B, S5 KL BR/K Ryt R AR e s
Ly FEERR AR 7 1) b, Bl SRR 2 3 0
[P NS



2310 a5 oE L OB ¥ M

2017 4F

10y
0.8
06}
<
=~ 04
©
02
0&/\_’
-0.1
_02 1 1 1 1 1 1 1 ]
“0 10 20 30 40 50 60 70 80
tiTy
(a) BIEALATS LACEARTE LBk 7 i 2 il 2%
Lor  HTy=0.1
i ——1ITy=2.9
0.8 — —UTy=125
et Ty=22.
0.6 1Ty=22.5
=]
S 04r
©
02t
0 e S
-0.1f 7
1 1 1 1 1 1 1 ]
0% 4 2 0 2 4 6 8
zIR

(b)) RS Bl A 1R i 20 L BRK D i i 284k

(d) =298 2] J&] Fel i - Hp L BSK PR i = 4 434

6 FLBR/KIE /89 =4Em) 10 g
Fig. 6 3D dynamic responses of pore water pressure

4 45 it

L Biot i s EEE Sk SEA, K Ao ) S S L - 4k 23 il
B AVEBAEA BRI R AR A BT, 70 R S — A bxy
Ak by z BE4T Fourier 283, Xofisf) t EAT Laplace
A g, SR T AR P B T A ) K LR B AR 1 B
Wi NS A AR . SR Laplace 28 # 1 2. Fourier A8 454
(E7E, 4 TR GRS s RS P IR N fr 24

FH I B 38 Ao A0 S G ) FRL A 1 2 ) 8 2R AT v 55
M, FELBUWR:

(DHEFH T PR IERT B U LAt
B 11 — 4 By g e N e AT i

()BT 4~ 1 AR AL iy
BUK T B R, 5 =Y
A3 KT 10%F1 12%.

(3) PSR IEAT AT F I KB g m Ry (A5 1) 1,
H VIRN A, ZriE. FLKIESD KA
Htkb, DA oy, YRR AR )
T o 5 2% T 2101 1) ) g e IS P s e Y TR S A R 1A%
TGS B A5 I mi . 2988 0.

AR 1 AL
A5 RAL, 1A

SE K-

[1] SENJUNTICHAI T, RAJAPAKSE R. Trandent response of a
circular cavity in a poroelastic medium[J]. Internationa
Journal for Numericd and Analytica Methods in
Geomechanics, 1993, 17(6): 357 - 383.

[2] KATTIS S E, BESKOS D E, CHENG A H D. 2D dynamic
response of unlined and lined tunnels in poroelagtic soil to
harmonic body wavesJ]. Earthquake Engineering and
Structura Dynamics, 2003, 32: 97 - 110.

[3] OSINOV V A. Blast-induced waves in soil around a tunnel[J].
Archive of Applied Mechanics, 2011, 81(5): 543 - 559.

[4] BRI, ZEagnm. R R b bk A s 16 Bl g e ).
T ARTFE2AR, 2001, 34(4): 88-92. (XU Changijie, CAl
Yuan-giang. Dynamic response of spherical cavity in
viscoelastic saturated soils[J]. China Civil Engineering
Journal, 2001, 34(4): 88 - 92. (in Chinese))

(5] fRKNY, SIRAE. REstE e T b BRI 13 e R ).
1%, 2005, 26(8): 1189 - 1194. (XU Chang-jie, MA
Xiao-hua. Dynamic response of spherical cavity in nearly
saturated viscoelastic soilg[J]. Rock and Soil Mechanics,
2005, 26(8): 1189 - 1194. (in Chinese))

(6] Xk, HHREERN, JitH TG, Rt A 2 LA I R AL
TR ). )% 24], 2004, 36(5): 557 - 563. (LIU
Gan-bin, XIE Kang-he, SHI Zu-yuan. Freguency response of
acylindrical cavity in poro-viscoelastic saturated medium[J].
Acta Mechanica Sinica, 2004, 36(5): 557 - 563. (in Chinese))

7 m W, @)E, £ S WA SRS A EAER]
(1 630 A8 RS ALl PAY 50 i) AR (30 1A g 2 2 4, 2009,
30(5): 481 - 488. (GAO Meng, GAO Guang-yun, WANG
Ying, et a. A solution on the internd source problem of a
cylindrical cavity considering the dynamic interaction
between lining and saturated soil[J]. Chinese Joural of Solid



o 12 3] e S, AE. ARG AT T R e B TR Al Y T ) e A W A 2311

Mechanics, 2009, 30(5): 481 - 488. ( in Chinese))

(8] m M, m)UiE, £ S BRI SAER N RIATE

PRI Bl B (P BT AR [T). A5 - TR 2EAR, 2010, 32(2):

237 - 242. (GAO Meng, GAO Guang-yun, WANG Ying, et al.

Analytical solution on dynamic response of lining subjected
to sudden internal uniform loading[J]. Chinese Journda of
Geotechnical Engineering, 2010, 32(2): 237 - 242. (in
Chinese))

(9] F WL SIS, AT, K TR 05 5

Ay B AEHT R AT WIS R IR S ). TR, 2011,
33(6): 862 - 868. (GAO Meng, GAO Guang-yun, LI
Dayong. Transent response of lining structure subjected to
sudden internal uniform loading considering effects of
coupling masg[J]. Chinese Journd of Geotechnical
Engineering, 2011, 33(6): 862 - 868. (in Chinese))

[10] GAO M, WANG Y, GAO G Y, et d. An anaytical solution

for the transient response of a cylindrical lined cavity in a
poroelastic medium[J]. Soil Dynamics and Earthquake
Engineering, 2013, 46: 30 - 40.

[11] %&5duik, WRAUR, FNEA. B £ p B A e

BAE IR 3 R B[], WK 27 27 4R (2 ), 2014,
45(9): 1657 - 1663. (CAl Yuan-giang, CHEN Cheng-zhen,
SUN Hong-lei. Dynamic response of tunnel in viscoelastic
saturated soil subjected to blast loadg[J]. Journd of Zhejiang
University (Engineering Science), 2011, 45(9): 1657 - 1663.
(in Chinese))

[12] Zesiam, WRmkde, INE S, MEKEAT 8RR AT T HAN + rp bR iE

B S Im N[]. 5 1 T FR2AR, 2011, 33(3): 361 - 367.
(CAl Yuan-giang, CHEN Cheng-zhen, SUN Hong-lei.
Transient dynamic response of tunnels subjected to blast
loads in saturated soil[J]. Chinese Journa of Geotechnical
Engineering, 2011, 33(3): 361 - 367. (in Chinese))

[13] maferr, WEEN. PRI AR AR B R B i)
M EAEHI. TR 1%, 2013, 30(3): 289 - 296. (GAO
Hua-xi, WEN Min-jie. Interaction of viscoelastic saturated
soil and tunnel lining subject to ininer water pressurell).
Engineering Mechanics, 2013, 30(3): 289 - 296. (in
Chinese))

[14] £ &, ) i, AN v A T A R0 0 B A 50 g o
M. &+ 1%, 2015, 36(12): 3400 - 3409. (WANG
Ying, GAO Guang-yun. Analysis of transient dynamic
response of cylindrical lined cavity in nearly saturated soil[J].
Rock and Soil Mechanics, 2015, 36(12): 3400 - 3409. (in
Chinese))

[15] £ &, ) aa. HURpos () RS AT fBEE (1 5)) ) i
MNAFSTI]. &t 1%, 2016, 37(3): 850 - 858. (WANG Ying,
GAO Guang-yun. A study of dynamic response of lined
tunnel subjected to transient loads in saturated haf space[J)].
Rock and Soil Mechanics, 2016, 37(3): 850 - 858. (in
Chinese))

[16] #fEil, k3570 #PES) A M) dbst: b ERRE AL,
1988: 199 - 203. (YANG gui-tong, ZHANG shan-yuan.
Elagtic dynamicsiM]. Beijing: China Railway Publishing
House, 1988: 199 - 203. (in Chinese))

A E&55|

B2 JeHUEEE AR A
B3 e EIER A A R A
B4 Rl ITCEARTEARAF
At 1 EPH TS

it 2 R LA S AR A R A



$39% 123 = + T B ¥ #H Vol.39 No.12
2017 4 12 / Chinese Journal of Geotechnical Engineering Dec.

2017

BIY) 2SS RS T A S A TR %
XHAE BRSBTS wﬁ%fﬂj}%ﬁ)ﬁ

DOI: 10.11779/CIGE201712021

T RHERIA S S E IR 1 3 L R 5

%:\rﬁj@ 1’ EH]&L‘.)]] 2
(L. P EM IR GRBO TREEBE, Widb B 430074; 2. BCBUORSA/KGTHRELS L BRIt B A st =, Widk 2 430071)

O BRRREEEAN, WRLEL R IIEER AR R BT Y) ) e M B L R F . SR K e RS A AN R

FUGEL, I b FHEEE B A AR R TR R AR BN RS A LI B, ek

I3 5T R BATIRI A T . BB 25 R W W B D) 5 B R T (7 % e (0 39 Iy S AR etk b, AR TR A 0 A BY

D52 (1 5 M) Y% 1) 2 T PRV 4 N T 95 s V(B B V)AL B F S A% S IO B9z 20 A8 s B U DI 82 B R 67 % 1) 19
B> R R, BAR AL N ) R AL R BRI IR 5w SE D B . SR LA R 04 15 2 ek o AT

WA BT D) B SR LA B Z TV OC R, A 5 715 LA B4 i M 0 (1) it b 5t AN [ B DR 245 B8 7 D B 1) i

FEAEN] . 55 A THENIRILE, ol R IR il 5 BRI 28 5 T-oE HEE & M.

KEEIR: Aa )0 R HBNAK: BYY) AT A B D) s v

FESES: TUL CHERERIRAD: A XEHS: 1000 - 4548(2017)12 - 2312 - 08

&I G983 - ), I, Hd%, TENIE A F TN BCA R AR, E-mail: zctang@cug.edu.cn.

Experimental studies on mechanical behaviour of rock joints with
varying matching degrees

TANG Zhi-cheng', WANG Xiao-chuan®
(1. Faculty of Engineering, China University of Geosciences, Wuhan 430074, China; 2. Hubei Key Laboratory of Waterjet Theory & New

Technology, Wuhan University, Wuhan 430071, China)
Abstract: Besides surface roughness, the matching degree between the joint upper and lower blocks is another important factor
affecting the shear behavior of a rough rock joint. A smplified way, by imposing varying magnitudes of horizontal dislocation
along the shear direction between the joint upper and lower blocks, is used to model the different matching degrees of a joint
that is made by cement. A large number of direct shear tests are then performed under constant normal stress condition to
investigate the shear behavior of rock joints under the varying matching degrees. The experimentd observations indicate that
with the increase of dislocation, the peak shear strength decreases and has a larger reduction rate under the lower norma stress
level. With the increasing didocation, the peak shear displacement increases, and the shear stiffness decreases and gradually
approaches a constant. The influence of didocation on the shear stiffness is more prominent under a higher applied normal

stress. Several simple combinations of roughness parameters and normalized dislocation are used to perform regression andysis,

and a new empirical peak shear strength criterion is put forward to capture the peak shear strength degradation of rock joints
under different matching degrees. A preliminary comparison between the proposed criterion and the existing criteria is also
provided. The new parameters for the proposed criterion can be easily determined in the laboratory.

K ey words: rock mechanics; joint; direct shear test; shear behavior; peak shear strength criterion
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A RE BT A T E B D) 2R, SR
IKPRRD SN AT ARPRIG T H, XL b FiinsE
T BT U7 100 43 T T AN [ R, s i T A [ (2 etk
A BALEAARFE G R BT E A . 1%
J7 ik BUARASRE A AR ARAR & 705 B AR 1R, (HR
FH 4t 3 4 3 A A AR 1) 2 1 0 AR R 2 e 1
CEPT B b R B RS AR D), i = A BT I
R ARSI R B T B AR ARG S 1 B BT D) ) 25
i

1 EBEHRE
1.1 AEFHE

R APF G R 25 0] 2 A 1 R B 1) ) Sk R 5
W, BTSN, TR A A
[F) TS ) R AR A 5 AR A, DRI AR AR ke b

KA AR AR I T 5 1 B . SR g
BRI T HA AR FR TSRS AT, EH
o 5 AN HAT RS0 2 S 10 A T B A 1 A
FATHEPEN, aald g 3T 1. FIL FIV
IV SRR G AT E S, R 5 HR
F 3 FPAS IR AT R BRI FREIR 2 F 7 46 il T B
BT RH L. FR9 M D12 S 5ORA A BT
TEHSHATER L KBRS A2
RIS e i o . Prhr . Bk
EANARA LA SR P B EAEARI R N R BB
TR IR AF AU R B S AS B A1

A GTERG b R THREA BT D) (G AR
43514 0, 5, 10, 15 mm; B. CAH L, Fifi
BEAY B )7 ) IRAS A 50 il 4 0, 2, 4, 8 mm.
FLAR (s 457 i R0,

(LD CKEP b R T S AR,
PO AR By TR R R 0 mm.

(2 715 BT T2 P T [ B 1 mm (14452 ) 5
EER

(3) [ P HAY, B AT E s
B 5, W5, 10, 15 mmZE, 75348 F Bl
WA HER . ER SR, KB AR
Bty v UK DAk G ik R i, 32 ™ A (R AR o
1.2 Wik E

Grasselli MR TG I W . BV O R
kAR S B D) 7 & DIAE G, ST BY )7
il o3 A REE R B DI BRSPS BBy ) 1
DX AR gy B85 BT AR R 1 B BRI IX 45 5 AT 2%
071 BRI IR B PG . Grrasselli 2510 SR FH Bz Aol i A L
Aov TEBIV) T 10 1 KA U QR I 25000 £

F 1 BN E AT EN T ERHESH
Table 1 Main features of three groups of model material joints

o KV b K - KX HENRER BUBORE EEAEEHEM MUMEELE WAL MORMWE
Z hEl
Q%=M) I(mmXmm) JEs./MPa  s{/MPa  j,/(°) E/GPa n r /(kgm?)

I

A 3:2:1 I 300 x 150 275 1.54 35.0 6.1 0.16 2200
I
JIv*E
FIV°

B 3:3:2 s 200 x 100 16.1 1.37 31 43 — 2010
NAVAS
FV
NE\VARY

C 1:0:1 200 x 100 4.7 0.64 24.8 1.9 — 1750
JVv*e

T OAIERIBIY), A mEIY), o B AIMEITEL, © O CALMPRMATEL. FRISMENIRIE A 25°C, N 90%, KRECH 28d.
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SR IRRLRE B 240 C Fid 5 B ) = 4ETE SRR AIE
Tatone 25 Mk — L KR T Lk ik, AASE
2A0,. [(C+1) BEf PRI 1 3L — HERDRE R (RIS
PR = EHTRE BEFR B ) o A SR ] = 4RI 341 G
THAES A= 2 #R 08 0.02 mm), HATY
BRI, 95k 0.3 mm,  HR4E SCHR[16] 2T
T AR R S S EE ) TR 2,

Fz 2 HENERSH

Table 2 Morphological parameters of test joints

Lz A U /) C
J 0.499 59.0 10.5
J-I 0.504 69.3 8.01
J-II 0.688 68.7 7.48

FIVv* 0.513 447 9.27

JIV 0.501 43.9 9.82
NAVA 0.534 78.4 9.05
JV 0.506 75.6 9.38

W TRIETTR, CARITI .
1.3 REAHE

H BRI AR VL N ) 4 T, WA ER
R A AR, BB RleRAS 87T B I 1925 ) Y.
J15 %k 05, 1.0, 1.5, 2.0, 3.0 MPa; B 411},
B %M%*m%ﬁ%mm&mfﬁﬁ%%omo&
12, 1.6, 2.0 MPa; C 21k, & —EefletR &m0 2
)ﬁmm&mfﬁﬁqum,0406,mxLOM%O
Se et gtz 7 A R R e, LA
TEFE 7 sy V) e,  BY YIS 0.5 mm/min,
HH AR e B BT D5 s RS . REG R R, T
MLEA SRd AT s s CBRREmfrE. ByY)fr
B BUIEARS FE ARG ) o TR ARSI RS A I 2% (1K

fE24 0.001 mm, ) {7 B AL B KR A28 0.1 mm,
RO 100 AN AR b A v] 2 0L SOk
[14].

R, A ITEL B NIRRT —E I
PREW, SZABTES R, a2 i E—
SEREREI /N BERE Bl o A9 T RS B R 6 1 5
K — APl Elmi$¢%ﬁﬁm,&mm&ﬁ
TN 5e e G RA T -1 e

A ARAE ARG £ %%T%ﬁ,%Aﬁﬁﬂ¢%ﬁ%
WHELRE 3k A, He RSN EY
BEHLZEEE 3 AT B (30, Horp: HA7H
VAR BY D) it B2 (1) B KA 220 2.84%- AFAR & 1 BRI A
BULI R IR e KA 22 4.32%. T 55 RIG &5 SR L W]
KA BB ARE 30, 1521025 5 A
AHAEIERE (8 3~5).

2 MmERS O
CLA LB, AN [l AR 251 B BT DTN
- PRI I 1o MR IR SR TS AEAH R ik
[ W23 WAL B ) i P B O % 8 488 T ik
W R B DI A2 e A _E BRI B S IR o 8 s 1)
T AT ARV A IS, T AR 1 AR
FAEIX L% (AR AN E SRS —FErD . 1B 2
A J AT BAEAN [ BRSNS OAR X IR G )
V7375 3.0 MPa), RI LA R H B THA2 A% )
s BTYIREEIAR X I A g b N e W Bl T A2 %
OB, IR A X ) o

100 1.5p 20p
5,=0.5 MPa 0
0‘—‘—\/_\/\/\ 1.2 [
@ 0751 sk ———
E 5 & /\‘w‘\__\/\ &
HH
& P E osf /0 o~ s S —
= 0.50 5 R 10f 00—
= 15— e AN T 2 10 s
= R 06 10 =
=R & /\—_ =
0.25 15 0.5
5,=0.5 MPa 0.3 / =0.5 MPa
Il Il Il ] Il ] Il Il Il ]
0 5 10 15 20 0 5 10 20 0 5 10 15 20
Wi /mm Wi /mm Wi /mm
L5 2.5 30r
,=1.0 MPa
12 2.0 ! 23 /*—'—W
] '—/_ﬂ\’\'\'\/»— ] ON Df L
g 5 & 20 0
= 09 —~~— 15} S 5
R R Sst
2 15~ = 5% = 10
R 0.6 R10f 10 = 15
= R —— & 1.0
0.3 6,=1.0 MPa 0.5 0.5 ,=1.0 MPa
1 1 1 ] 1 1 ] 1 1 ]
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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Fig. 1 Shear stress versus shear displacement for three groups of joints under varying did ocations (Group A)

iyl By YIIRIX IR

(\

(a) d=0 mm (b) d=5 mm

(c¢) d=10 mm (d) d=15 mm

2 AEHEMIRS T HIERFMBTVIERIRE (L3 AFD
Fig. 2 Post-test joint surfaces under different contact states (J-1)
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Table 3 Peak shear strengths and corresponding peak shear displacements for Group A
. IR ANEES AR R R Y D)5 /M Pa X I [V AE B D) AT 7 IM Pa P H LB L)
J1IMPa 0mm 5mm 10mm 15mm  O0mm 5mm 10 mm 15 mm S E/M Pa
0.5 0.85 0.67 0.55 0.43 4.87 3.43 3.01 4.15 0.35
10 1.19 1.03 0.88 0.71 3.54 4.08 3.39 3.87 0.70
J 15 1.77 151 1.32 1.19 2.88 2.59 3.14 3.22 1.05
2.0 2.24 2.00 1.74 152 1.08 2.00 3.26 2.99 1.40
3.0 2.84 2.52 2.33 212 0.97 2.32 214 3.31 2.10
0.5 1.13 0.93 0.73 0.50 3.35 3.07 3.99 4.72 0.35
10 1.75 1.25 1.00 0.75 2.46 2.88 3.02 3.64 0.70
JI 15 2.20 1.70 124 1.23 2.89 31 3.87 351 1.05
2.0 2.78 211 1.78 155 2.07 3.08 4.32 3.74 1.40
3.0 3.3 2.70 2.50 2.20 1.49 3.08 2.69 3.66 2.10
0.5 1.78 1.18 101 0.88 3.67 3.44 291 3.33 0.35
10 2.42 1.89 1.80 1.67 251 3.05 3.74 4.36 0.70
JHII 15 2.89 2.66 2.39 212 3.08 3.27 3.29 4.01 1.05
2.0 351 291 2.68 2.27 3.24 2.66 3.88 4.29 1.40
3.0 4.20 3.61 3.38 3.15 291 2.53 3.94 3.55 2.10
% 4 BATERIIEEBIYEE REFEYMURE
Table 4 Peak shear strengths and corresponding peak shear displacements for Group B
- I ANFVES TEALAS i (U BY D) 5 /M Pa X I [V AE B D)7 /M Pa P HE LB L)
JiMPa Omm  2mm  4mm 8 mm Omm 2mm 4mm  8mm M Pa
0.40 0.418 0.326 0.289 0.268 3.87 3.08 4.25 4.00 0.240
0.80 0.793 0.708 0.655 0.503 4.02 5.06 3.88 3.89 0.481
FIV*E 1.20 1.106 0.967 0.912 0.827 2.69 3.07 441 4.50 0.721
1.60 1.442 1.257 1.033 0.970 2.78 3.33 4.29 4.05 0.961
2.00 1.709 1554 1.387 1241 184 1.97 2.26 3.87 1.202
0.40 0.391 0.328 0.267 0.248 354 411 4.08 5.27 0.240
0.80 0.726 0.637 0.557 0.511 3.29 3.03 3.88 4.67 0.481
IV 1.20 1117 0.903 0.842 0.764 2.83 3.25 3.67 4.08 0.721
1.60 1.406 1.207 1.006 0.965 3.44 3.07 3.57 3.87 0.961
2.00 1.669 1.449 1.362 1.229 2.71 2.84 4.07 411 1.202
0.40 0.601 0.441 0.325 0.276 4.37 3.89 4.24 4.17 0.240
0.80 0.984 0.771 0.634 0.506 4.08 4.85 4.56 5.07 0.481
NAVALL 1.20 1.483 1.187 0.864 0.801 3.88 4.22 4.67 4.43 0.721
1.60 1.857 1.445 1.285 1.156 3.97 4.02 4.14 4.69 0.961
2.00 2.230 1.893 1.653 1.435 3.61 354 3.99 4.27 1.202
0.40 0.552 0.467 0.421 0.3%4 4.13 3.74 4.36 457 0.240
0.80 0.934 0.726 0.653 0.600 4.07 4.33 4.29 491 0.481
NAYA 1.20 1.367 1.007 0.896 0.825 3.57 4.01 4.24 5.07 0.721
1.60 1.706 1.442 1.139 1.004 3.66 3.84 4.06 4.67 0.961
2.00 2.008 1.773 1.525 1.366 3.19 3.77 4.29 4.58 1.202
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Table 5 Peak shear strengths and corresponding peak shear displacements for Group C

. IR ANEES AR R A Y D)5 /M Pa X I [V AE B D) AT M Pa P HE LB L)
JiMPa Omm  2mm  4mm 8 mm 0mm 2mm  4mm  8mm S E/M Pa
0.20 0.1%4 0.123 0.101 0.093 4.10 4.38 491 5.55 0.089
0.40 0.288 0.226 0.193 0.185 3.48 4.07 4.21 5.08 0.179
FIVHe 0.60 0.442 0.374 0.322 0.284 2.94 4.33 4.67 5.08 0.268
0.80 0.568 0.483 0.422 0.374 3.07 3.77 3.64 4.02 0.358
1.00 0.703 0.588 0.526 0.497 3.01 3.35 4.2 4.07 0.477
0.20 0.215 0.187 0.143 0.122 3.9 4.66 491 5.67 0.089
0.40 0.400 0.324 0.287 0.223 3.65 3.9 4.67 4.93 0.179
JVv*e 0.60 0.562 0.487 0.433 0.400 3.27 4.06 4.22 4.68 0.268
0.80 0.687 0.537 0.467 0.443 3.66 3.72 4.08 4.29 0.358
1.00 0.843 0.728 0.653 0.627 4.12 3.46 3.86 4.77 0.477

#:: " forward direction; © Group C
Bl 3 2 I AR AN FE ) B )T R BY D) M B
SR B ARG (d R, L O Hh
PEAYBYD T AR ) o BEAS T AL AZ RERSE N, [F]—i%n]
I 3T BT I 32 i ARG L T AN (U WA T
{Lig XS BY D NI BE RS D 9055 )5 A5 i) Y )
B R OSBRI FEE AR A PR S B K
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1 1 J
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Fig. 3 Variation of shear stiffness with normalized dislocation
under different levels of normal stresses (J-1)
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Fig. 4 Variation of peak shear strength for rock joints with varying

dislocation (3-IV*©)
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Fig. 5 Comparison between cal culated values by criteria and

experimenta ones
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Deterioration rules of shear strength in sandstones under wetting and drying
cyclesin acid and alkali environment
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Abstract: In order to study the deterioration rules of shear strength in sandstones under wetting and drying cycles, sandstone
specimens are tested after 1, 3, 6, 10 wetting and drying cycles in the environment of pH=7, 9, 4. Through UCS and TCS &fter
different cycles, the cohesion and interna friction angle of sandstone are caculated, and the relation formulae between them
and number of cycles N are determined, respectively, thus the shear strength is obtained under wetting and drying cyclesin acid
and akali environment. The results show that the shear strength of sandstone decreases with the increase of cycles. In the early
stage of cycles, the deterioration effect is comparatively significant, and the deterioration of shear strength is very large, then,
the strength deterioration is relatively small. In the acidic environment, the deterioration of shear strength in sandstones is the
most serious, slightly reduced in the akaline environment, and the neutra condition is the lightest. The deterioration of shear
strength in dried samples is much lower than that of wet samples.

K ey words: wetting and drying cycle; acid and alkai environment; sandstone; shear strength; deterioration
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Table 1 UCS and TCS of sandstone and valuesof ¢ and |

oH kA TR = & & ik ) I i
N 0 1 6 c/kPa j1C)
0 76.00 80.21 96.50 12.43 48,52
1 71.59 75.49 87.32 11.74 47.34
+ 3 67.91 72.14 81.24 11.27 46.39
6 65.36 68.41 77.49 10.84 45.77
pH=7 10 63.26 66.01 75.34 10.52 45.46
1 56.22 60.32 70.53 8.78 47.21
- 3 50.45 53.87 66.95 7.99 45,99
6 46.14 49.64 60.51 7.50 44.38
10 41.92 43.82 56.87 6.97 42.67
1 69.87 74.12 86.32 11.42 47.45
T 3 64.59 68.97 80.58 10.67 46.72
6 60.61 63.56 75.34 10.1 45.75
pH=9 10 57.48 60.87 72.54 9.64 4541
1 51.67 55.1 68.54 8.20 46.2
" 3 44,54 48.02 60.23 7.33 44.27
6 39.81 43.65 55.24 6.72 43
10 34.97 38.2 49.2 6.12 41.34
1 66.53 70.89 84.65 11.01 47.26
T 3 61.10 64.3 78.54 10.06 46.42
6 56.46 62.03 72.21 9.51 45.65
pH=4 10 51.61 53.5 68.32 9.19 45,09
1 45,93 48.63 60.32 7.54 44.03
" 3 36.10 38.8 51.2 6.22 41.69
6 29.71 335 43.16 5.48 38.64
10 22.70 25.63 35.87 454 35.09
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Fig. 4 Deterioration curves of cohesion in saturated sandstone
samples
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Table 2 Relation formulae of c - N

c=12.366- 0.783In(N +1)
c=12.325- 1.147In(N +1)
¢ =12.161- 1.339In(N +1)

2 Fig. tafabaits RERR

Fig. 2 Dry and saturated sandstone samples and their failure

C=9.486- 1.044In(N +1)
¢=9.03- 1.207In(N +1)

2 iﬁgﬁéﬁ% €c=8.7- 1.716In(N +1)

s
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HRNER S E 3 CFED MK 4 GEAD Fis. R3] -NRER
LA, pH=4 I, FRAEI SRR 1% Table3 Relation formulaeof | - N
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. 7 j =304 +45.472
, T 9 j =326 N 145239
12 4 j =3358¢°% +45046
Mt 7 j =11.504¢ °%™ +36.386
* w9 j =11.504e ™ + 36,386
4 j =28.109¢ %N +17.143
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Fig. 3 Deterioration curves of cohesion in dry sandstone samples e ul
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Fig. 6 Deterioration curves of angle of internal friction in saturated

sandstone samples
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Fig. 10 Stage average deterioration curves of internal friction
angle in saturated sandstone samples
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F4c | HLE
Table 4 Deterioration values of ¢, |

N BOT I Bk BT
N s — _— ML 51 &%ng%ﬁc& V\J@ﬁsﬁa e 51 Exigj%ﬂc
N c/kPa DD, i) DD; L
n-n., n-n.,

0 12.43 0.00 0.00 48.52 0.00 0.00
1 11.74 5.55 5.55 47.34 2.43 2.43
+ 3 11.27 9.33 1.89 46.39 4.39 0.98
6 10.84 12.79 1.15 45.77 5.67 0.43
7 10 10.52 15.37 0.64 45.46 6.31 0.16
1 8.78 29.36 29.36 47.21 2.70 2.70
” 7.99 35.72 3.18 45.99 5.21 1.26
6 75 39.66 1.31 44.38 8.53 1.1
10 6.97 43.93 1.07 42.67 12.06 0.88
12.43 0.00 0.00 48.52 0.00 0.00
11.42 8.13 8.13 47.45 2.21 2.21
+ 3 10.67 14.16 3.02 46.72 3.71 0.75
6 10.1 18.74 1.53 45.75 5.71 0.67
9 10 9.64 22.45 0.93 45.41 6.41 0.18
8.2 34.03 34.03 46.2 4.78 4.78
- 7.33 41.03 3.50 44.27 8.76 1.99
6.72 45.94 1.64 42.19 13.05 1.43
10 6.12 50.76 1.21 39.9 17.77 1.18
12.43 0.00 0.00 48.52 0.00 0.00
11.01 11.42 11.42 47.26 2.60 2.60
+ 3 10.06 19.07 3.82 46.42 433 0.87
6 9.51 23.49 1.47 45.65 5.92 0.53
4 10 9.19 26.07 0.64 45.09 7.07 0.29
7.54 39.34 39.34 44.03 9.25 9.25
- 6.22 49.96 5.31 41.69 14.08 2.41
5.48 55.91 1.98 38.64 20.36 2.10
10 454 63.48 1.89 35.09 27.68 1.83

£5:-NERR
Table 5 Relation formulaeof 7 - N

R pH A

t =12.366- 0.783In(N +1) +s tan(3e ***N +45.472)

t =12.325- 1.147In(N +1) +s  tan(3.2e °®™ +45.239)
t =12.161- 1.339In(N +1) +s  tan(3.358e ***" + 45,046)
t =9.486- 1.044In(N +1) +s  tan(11.504e **™ +36.386)

t =9.03- 1.207In(N +1) +s  tan(12.804e *** +34.397)

t =8.7- 1.716In(N +1) +s  tan(28.109¢ ***" +17.143)
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4 ERE t =c+s tanj (1)
TR, VP R R T, 2 e- NRRA, K3 -NRRL

FRMCH TR 2 SO AT, T By AU (D, REIREIASE (pH=4, 7, 9) THRARHE
— ISR R TR e R PR TR ¢ - NFORRA, Wk 5 .
PRI BT, Fe L AR BT R S SO I AR I N BRSBTS « e
MIEHS T, EE R Ntk sy A AR FEIRRIA BT A T Bk S R AR S P8y
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Fig. 11 Deterioration curves of shear strength in dry sandstone

samples
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Fig. 12 Deterioration curves of shear strength in saturated

sandstone samples
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Abstract: Considering the in-situ properties of the natural saturated clay strata, the pile ingtalation effects are studied by the
cavity expansion model. Based on Terzaghi’s one dimensional radia consolidation theory, the analytical solutions are derived
for the time-dependent strength and shear modulus of the soil adjacent to ajacked pile. Then, based on the shear deformation
performance of the surrounding soil during pile loading, the time-dependent |oad transfer models for pile shaft and pile base are
established through the exponential function type load transfer curve, respectively, and a theoretical method is proposed for
predicting the time-dependent 10ad-settlement curve of ajacked pile in saturated clay strata. The proposed theoretical method is
verified by the fidd tests. The time-dependent | oad-settlement performance and load transfer properties of the jacked pile after
pile installation are studied. The results show that the evolution of the bearing performance of the jacked pile after pile
ingdlation is primarily because of the increase in the bearing performance of pile shaft. There are some discrepancies between
the actual load-settlement performance of the jacked pile and the gtatic loading test results after specific rest time. Thus, in
actual engineering, the time-dependent bearing performance of jacked piles should be evauated through the static loading tests
with the aid of considering the evolution of the mechanical properties of the surrounding soil of piles.
Key words: pile ingallation effect; time-dependentce; 1oad transfer; stiffness; ultimate bearing capacity; |oad-settlement

Prediction method for time-dependent |oad-settlement relationship of a jacked pile
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Table 1 Properties of soil strata at test site
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Srength and failure properties of frozen clay under varying loading rates

LI Xiao-lin®2, WANG Hong-jian®, NIU Yong-hong"
(1. State Key Laboratory of Frozen Soil Engineering, Northwest Intitute of Eco-Environment and Resources, Chinese Academy of

Sciences, Lanzhou 730000, Ching; 2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. The First Engineers Scientific
Research Ingditute, Wuxi 214035, China)

Abstract: The strength properties of frozen soils under varying loading rates are the important parameters for improving the
mechanical excavation methods and equipments. The strength, modulus and failure properties of frozen clay are studied through
a series of uniaxial compressive tests conducted on remolded frozen clay samples. From the test results, it is concluded that (1)
The compressive strength and the initid yield stress increase with the decreasing temperature and the increasing loading rate,
and there exists a good linear relationship between the failure strength and the initial yield stress. (2) The initial yield modulus
and the tangent modulus are sensitive to the temperature and loading rates, and there is a logarithmic function relationship
between the tangent modulus and the loading rates under different temperatures. (3) The failure strain and damage time
decrease with the increase of loading rates under different temperatures. (4) The effects of temperature on the failure strain and
damage time are not evident at large |oading rates.

K ey words: frozen clay; |oading rate; strength; modulus; failure property
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Table 1 Particle composition of samples

FAEJLE/mMmM 2~1 1~05 0.5~0.25 0.25~0.075 <0.075
HE % 2407 31.05 17.42 23.84 3.63
1.3 RWAZE

TR R N AR, 2 8 a6y i)
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Fig. 1 Relationship between stress and strain under different

loading rates
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Fig. 2 Relationship between uniaxial compressive strength and
temperature under different loading rates
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Table 2 Results of fitting

I (mmres™) a b R?

0.067 0.569 0.854 0.997

0.333 0.924 0.750 0.973

1 1.122 0.722 0.989

2 1.149 0.738 0.997

4 1.153 0.768 0.999

20 1.297 0.796 0.996

50 1.478 0.777 0.999
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Fig. 3 Relationship between a and loading rates
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Table 3 Comparison between measured and predicted values of compressive strength

N -1 SZIAE BUIREED
I (mms ) 3T 210C 20C 3T -10C 20C
0.067 1471 3.049 7.502 1,580 0.067 1,589
0333 2183 4727 9.298 2.044 0.333 2.044
1 2532 5.501 10.120 2,353 1 2,353
2 2.606 6.115 10.644 2,553 2 2,553
4 2.700 6.613 11.500 2.749 4 2.749
20 3.067 8.424 13.746 3.206 20 3.206
50 3.481 8.776 15.242 3.466 8.769 14.963
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Table 4 Results of fitting

WLEIC k C R?
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-10 0.829 -1.882 0.991
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under different temperature
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Table 5 Results of fitting

W C m n R?
-3 0.158 0.074 0.909
-10 0.396 0.132 0.977
-20 0.663 0.138 0.966
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Fig. 7 Relationship between tangent modulus and loading rate
under different temperatures
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Table 6 Results of fitting
i B/ °C A A A p R?
-3 20.053 4628 11943 3180 0.995
-10 20.254 5.688 3171 2.426 0.978
-20 22120 5576 0.670 0.828 0.991
xRT BEHR
Table 7 Results of fitting

i 5/ C a¢ bt R?
-3 25.188 -1.001 0.999
-10 22.535 -1.044 0.999
-20 17.434 -1.138 0.999
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