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Analytical models and amplification effects of seismic wave propagation
In canyon sites

GAO Yu-feng
(Geotechnical Research Indtitute, Hohai Universty, Nanjing 210024, China)

Abstract: Morphologically, there are three types of topographic and site conditions in nature: flat, convex and concave sites.
The canyon (or valley) is a common concave site, and a large number of structures such as earth-rock dams and bridges have
been built in such a site. Investigation of actua earthquake damage shows that the topographic and site conditions have great
influences on earthquake disasters. Aiming at the analytical models and amplification effects of seismic wave propagation in
canyon sites, the long-term research achievements of the author and his research group are summarized comprehensively. They
include four aspects: (1) The concept of near-source

topographic and site effects is proposed by simulating the BETE. [H5K ARG TS (41630638); [H5 H HILRLT
incident seismic waves with a line source of cylindrical SH FURIENE (<9737 314 TiH (2015CBO57901)

waves. The plane wave is a special case of its far fied Yrks HHEA: 2018 - 12 - 06
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i n c i d e n c e . T h e f r e e
wave fiedld under the line source of cylindrical SH waves is constructed to realize the curvature of the incident wave front. The
amplification factor is defined to describe the topographic effects under near-source excitation, which opens new possibilities
for studying the near-source amplification effects of other topographies and sites. (2) An analytical model for seismic wave
propagation in non-symmetrical V-shaped canyon is constructed, including the Helmholtz equation, traction-free boundary
conditions on canyon surface, and continuity conditions of traction and displacement on the auxiliary boundary. A two-step
strategy for region decomposition and region matching is proposed. Firstly, the whole region is decomposed into three
sub-regions in accordance with the corresponding polar coordinate systems. The corresponding wave fields (including unknown
coefficients) are obtained by solving the equation of motion in the sub-regions. Then, the wave fields of each sub-region are
matched at the boundary, and the unknown coefficients are solved by using the boundary conditions. The wave-field solutions
of the whole region and the two-dimensiona scattering patterns of cylindrical SH waves are obtained. The differential
amplification effects of the non-symmetrical V-shaped canyon are revealed, which will have an unignorable influence on the
large-span projects built in it. (3) U-shaped canyons are ubiquitous on the earth's surface. Due to the lack of actual seismic
records and theoretical researches, the topographic amplification effects of the U-shaped canyons are ill unknown. The
analytical model for a U-shaped canyon is constructed, which is essentialy the boundary value problem of Helmholtz equation.
The wave function series solution to the problem is obtained. The anomalous amplification of seismic waves at the bottom of
U-shaped canyon has been found. It has changed the incomplete understanding that the ground motion at the bottom of a
concave topography is bound to attenuate, and has been used to explain the large number of rockfalls and landdides in Arizona
during the warm period of the Middle Ages. (4) Sediments (overburden layers) often occur in canyons, which may further
aggravate the amplification effects of earthquakes. An analytical model for apartidly filled semi-circular aluvial valley under a
line source of cylindrical SH waves is constructed, and its anaytical series solution is given. It is found that the overburden
layers have obvious amplification effects on the seismic waves, especidly for those with a small damping ratio, which will
aggravate the damage of engineering structures. Findly, the seismic stability analysis of the canyon or valley slopes, the seismic
response analysis of earth and rockfill dams as well as the seismic stability analysis of the dam slopes are carried out
considering the seismic amplification effects of the canyon or valley sites. It is believed that the seismic amplification effects of
canyons or valleys have important influences on the seismic analysis of slope and dam engineering.

Key words: canyon site; seismic wave; wavefunction series solution; amplification effect; seismic stability of slope; seismic
response of earth and rockfill dam; seismic stability of dam slope
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Fig. 3 Comparison of amplification factors of surface displacement
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(after Gao et al. %)
1.4 BE 35N A S0 R AR R8N &+
BV AT 1991 AEAE R R AR L) 300 m
— T2 ke T 6 R RS & B (K 4)
1992 AR A TIXAN G, Y ML 5.5 4,



513

1 U RIS M DAL RR A TR S SO 9

SRRV h 50 km, FEHEEZ 130 km. Huang 2™
fRIE T AR, KIL 6 B RS RE SH AT
TERRZE e, o, SRR SCL AL T4 22, BEA

SC1

6
§ ——MM»M— sc1
b4 PCA: 0.15048 (MAMH:1L24) o)

0 10 20 30 40 50 60 sc3
B fR)/s

Q.16 [ MAHEB jl
0:0§

0 08 PGA: 0.12178

o1

) 10 20 30 40 50 60
B fR)/s

JRI RS 170 m; SRFEAX SCA AL TS A, FHE
RIEMI = EE A 70m, SCL it 5% 31 (1 Hb 575 S WA hn sk &
J& SCA ] 2.69 fi.

& 8(1)6
scs 2 998 il
SC4 Jiilﬁ —8(1)2 PGA: 0.06108 (HA4:0.50)
=70 10 200 30 40 50 60
B jel/s

4 EEMBEAGT 853558 SCL 1 SC4 & ih AL B At B Eh inE E & A2
Fig. 4 Smulated ground motion accel erations at two stations SC1 and SC4 in Feitsui canyon (Taiwan, China) subjected to Chi-Chi

Earthquake
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of frequency at two stations SC1 and SC4 in Feitsui canyon
(Taiwan, Ching)
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Fig. 7 2D model for a non-symmetrical V-shaped canyon (after
Zhang et a.*%)
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Experimental study on permeability and itsinfluencing factorsfor sandy
gravel of Dashixia dam

CHEN Sheng-shui* 2, LING Hua" 2 MI Zhan Kuang® %, MIAO Zhe®, MEI Shi-ang" 2
(1. Nanjing Hydraulic Research Ingtitute, Nanjing 210029, Ching; 2. Key Laboratory of Earth-Rock Dam Failure M echanism and Safety

Control Techniques, Ministry of Water Resources, Nanjing 210029, China; 3. HY DROCHINA Xibei Engineering Corporation, Xi'an
710065, China)

Abstract: A super-large cubic permeability meter (1000 mm>< 1000 mm) and a traditional cylindrical large-scale permeability
meter (#300 mm) are used to conduct systematic experiments on the permeability characteristics of gravel materias to be used
in Dashixia concrete face gravel dam (CFGD). It is found that the content of fine particles smaller than 5 mm has important
effects on the permeability coefficient, the seepage failure resistance and the relevant failure modes. Scaling of specimens tends
to result in an overegimation of the drainage behavior and seepage failure resstance of the test gravel. Evident particle
segregation phenomenon is observed in compacted and prepared specimens, particularly in those prepared in the super-large
cubic permeability meter. Therefore, to improve the reliability of the test results, the in-situ compaction condition should be
taken into account carefully. The test results also show that the content of particles smdler than 5 mm is high in the gravel
materials to be used in Dashixia CFGD, which is responsible for the low permeability measured in the tests. It is necessary to
set atransition and filter zone between the main gravel zone and the cushion so as to enhance the seepage failure resistance of
the cushion materials.

K ey words: earth and rockfill dam; gravel materid; permeability
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Table 1 Testing gradation and density
INFRERLAR R A i Y% A} 2 AR 5 Wi
I - Y N e
NES g HHCHAE 400 200 150 100 80 60 40 20 10 5 2 1 050075 -fugr  ragy qugi
mm mm mm mm mm mm mm mm mm mm mm mm mm mm e TS (grem™)
Ngem™®)  /(grem®)
] - ORA BRI LR
)2 \ s 100 88 69 545 425 30 215145 1.83 2.34 2.28
EXC T s
i ER BRI
A , 100 835 50 30 10 O 1.69 218 212
JUEX AR RIS i
eV 02 100 90 8 77 67 54 46 36 29 25 20 10 — — —
I Kkif% 150 mm
1 77 67 54 4 29 25 20 1 101 2. 22
Pospecrmenjuin 00 9 85 67 5 6 36 29 25 20 10 9 36 9
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o 1. 2.34 22
B EaSUR R w2 °
fik AR urbgmcoEiyZ4 100 88 82 73 67 50.2 41 33 244 19 16 13 6 — — —
I KRz 200 mm
T mm 1000 929 822 750 658 57.2 441 346 244 190160130 60  1.89 2.35 2.28
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I KRif% 60 mm 100 844 605 431 244 19 16 13 6
N ia 1. 2.34 22
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PhEe S . BEIEASERE AR 22, SR
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AR R R K T 95525 1K 56 38 SR i 7K Sk
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R YBIE RIS AT 1F A IR K2 e R B I A
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Fig. 1 Super-large permeability testing equi pment
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Fig. 2 Preparation of super-large specimens

AR L R AR AT AN . A28 KR AN
M HAE RS 5 AR TS 2 he 1 UMD K
REAGE J D IR A) A RO 7K, (] IR K
KA EE . X TBIERTE RS, (EAZ KL itk
T w O, AT T —ZukCkials, BRI
Whike Ffaiig, HArEs oA AR A TR
ARHEEE IR, SR AKGTT 0 EAE R A5 T
%, HUKRN N E EITEMLEL, SIRERKR TR S
DU NS IR S bR 7 1) SEOHEIT, P45t RIS A
BREE REAIEAA I, AERHKR B TR T
PR AR BUS BB RE TN, AR AR K
NS IEWIAIE, L RIS A AR AR PRV [ . 22
FNH, IR IR 32 i PR X e A A 1
JEW L DR R BB KR T SROE IR R RIMEL, A
T AEASHO AR A R I 52 38 B 58 0 15 LUK ¢
s WU SRAKFRMAM AT N X% 5 V45 2 2
WPRRAT R EAT SUETRI 2 AT T VBB DR 3 B
1.3 RIS

ST ERE, 193) 7 PR RS A Wkt
BRI R ol S BB R S HEA X bR A

BHISE RE HUSIEBIARE ) ANSEBOIA R (I
% 2.
*2 BERYEBETHARER
Table 2 Results of permeability and seepage tests

TU T PR e
é}% bl%'lg'_ /(g.cm'3) ;ﬁnm /(Cm.s'l) iﬁ% iﬁ% *ﬁﬁ

1000 4.90x10* 1.90 206 Wit

HZX T 228
300 819x10% 217 232 it

M RUEX P 212 1000 363x10* — — —

i 1000 2.36X10° 237 251 it
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300 1.34x10% 333 359 it

1000 6.69X10° 0.82 239
EHysk 2,28
300 3.35X10° 1.29 320 pduE

FHEAX

2 FERRLSESEREEZIMER
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P, NINAERFERIE % T — 998K 2 (LK
3), FEILBIE RN

BRI, R R, WIRARHE
B e el A P Al 2 H I S PR A Ok M IR 5, TR
sEHBEERE . Rk, LK 1000 mm iFE151E R
R0 25 R NAZ AT bR, AR 300 mm IR AE 1
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Fig. 3 Particle segregation of specimens with different sizes
2.3 W HENZEFIERIR M

IR, FEHEA X ER A4 K 50
KR FE R IR E] T 1000 mm, I FIREES R, A
RN, RN TS (TR
(SL237—056—1999) K173 )= JF L IIHE (des I
15~251%), KA 3 EHATHRE . TRk
Bib, PRENESE 3N R IR RIS TE K T 5933
IKHE)Z -

S ok TSI T R A0 R A R L 22 5 — A
80 cm, fit s G AR JZ B g9iE /K2 . I
ORISR FROIORE B8 BT PN S RS Bn 2 v S5 0T
J&& T LR se B, DL TRORL AT 5 DK 5832 K )2
JEBONNE TR VE R 52 W AT 507 WO A7 S ARUR ) S5
briziEkRe .

BiRg: Wk 32 HIE, IRSE SR E
mJER 29 em. H—. CHERSIESETERUE, 40
RS2 BT R ANORE,  FRRIE N — 2 ikkE . AR
FURS AT IURFEILZ) P ) Bl L T A v 20 00 2 A I 5%
TR — 2 ale CE =2 ZRIHBIHT 10 400k,
PEHRARE R B S 2 80 em. HEEIERILNRL T . (il
BRAEL 5 0 HT P8 RS 20 W& 3.

B ARE: WRERIRES 3EHIE, IRE )
FEZFE 27 cme BB—. ZWEIRSIESLSER)G, o
ol RN B 2 A A R, TR BT — R
b, SRS JE kAT T — R AR, 55—
ARIARR, R BG—Z e CGE=R) Rilegt
R ARORE, R R R Y 81 em.

% 3 WARARHKIER A
Table 3 Gradation of test gravel materids
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Table 4 Permeability of test gravel materias
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Table 5 Results of filter tests
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Fig. 4 Failure phenomena observed in seepage tests
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Fig. 5 Relationship between seepage vel ocity and head gradient
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Experimental study on horizontal bearing behaviors of different types
of full-scale piles under reciprocating horizontal loads

ZHENG Gang"?, LIU Chang" ?, LIU Yong-chao®, HU Qiu-bin', WANG Cheng-bo', KANG Gu-yi®, LIU Yan-po
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Abstract: The field pseudo-static tests on 38 prototype piles in in-situ soil conditions, which contain prestressed pipe piles,

prestressed squared piles and bored cagt-in-situ piles, are made in a typical soft soil site of Hangu, Tianjin. The bearing and
seismic behaviors of dl kinds of full-scale piles under the pile-soil interaction subjected to low-cycle reciprocating horizontal
loads at the pile top are studied. The failure modes, |oad-displacement relationships and displacement ductility among the

prestressed pipe piles, composite-reinforced piles with distributed non-prestressed reinforcements and bored cast-in-situ piles

are compared. The results indicate that the regular prestressed pipe pile has poor ductility and is brittle during failure. The

displacement ductility and energy dissipation capacity of the composite-reinforced piles are obviously improved by adding

behavior

non-prestressed reinforcements in addition to prestressed sted bars. This consequently leads to the ductile failure mode.
Therefore, adding conventional steel without prestress is an effective measure to improve the seismic performance of
4.5, which means that their ductility and energy dissipation capacity are good. The displacement ductility factors of both the

0 3l

—_

prestressed piles. The displacement ductility factor of al the bored cast-in-situ piles with different reinforcement ratios exceeds
composite-reinforced piles and bored cast-in-situ piles increase at first then decrease with the reinforcement ratio of the

increasing non-prestressed reinforcements whilethere is an optima reinforcement ratio of the displacement ductility.
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Key words. prestressed pile; bored cast-in-situ pile; non-prestressed reinforcement; pseudo-static test; horizontal bearing
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Table 1 Basic parameters of test piles

SR AR

i HI/m  HEAR
K/mm /mm
THRY. 3 Ak 500 300 20 20
TR )25 0o 77 B 400 220 20 10
A 500 0 22 8

LB : @-METEME , @ BN 1 AR g1 TR 1 25 L JT A,
Hor i A — B B

1 AT EAER
Fig. 1 Plane layout of test piles

2 REIMIFERRE
Fig. 2 Photos of test piles
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Table 2 Reinforcement configuration of test piles
W AR

KT Gy
KA TR o prym JiES A4
PHC9.0-0 % 2
PRC9.0-8 1248 2
155
Iﬁi}f PRCO.0-10 12f°90 12410 2
H PRC9.0-12 12412 2
PRC.0-14 12414 2
PHC10.7-0 T 2
PRC10.7-8 1248 2
155
Hjjg‘;%gj PRC10.7-10 12f°107 12410 2
H PRC10.7-12 12412 2
PRC10.7-14 12414 2
HKFZ9.0-0 x 2
HKFZ9.0-10 8410 2
5 2%
%Fﬂg HKFZ9.0-12 8f°90 8812 2
J HKFZ9.0-14 8414 2
HKFZ9.0-16 8416 2
YZ12 8012 2
. YZ14 8414 2
HEERE Y716 x 8416 2
YZz18 8418 2

TR J3 80 HE k) 1420 MPa 35 ¢ ARAA 5t TN, 77 kvt
- HTAR TR AN B (PC A9, HIAA Tk Ba I Y. 1 994
MPa; TN 80 7% ] HRB40O 24N . PRI 1]
521 I SRR bR WA 3. TR AN EE AR T
IS5 555 R P ) A PR 7 2, A TN ) 4 B AR 7
I )48 R 12 AR A5 TR) AT R, 7 AR PN g AN R T
)RR IS A 8 A, WETEAEE h 8 M. T BE IR
JRE A5 AR FH A SRAR AN 22 . 25 R E R 52 (1) - B 3%

%3 YEFHEHHIHRELER
Table 3 Mechanical parameters of longitudina reinforcements

N e JEARERE  ARERPURORE SRR

A IMPa IMPa /GPa
PC ik 1492.9 1570.0 205.0
HRB400 462.7 671.4 202.6

VE: PC AR i R8RS A 44 S R o

A AR TN J 3 B0 I 2 2 e (P o I ) AV PRIVt
TR RE ARG C8O; HEEME TR L5 AF A C30.
1.2 7 T2t R &4

TR B T VR IRE B X ML R 455 -3, 1%IX
BCPEETTRE, RN IA], PRIE T &R TAES
PR —20E . TR T 17 A B 8 2 A kiR
KIWLE 3, & L2WEL) %S5k 4 s, N
TR, ORI R IRE, FEEER TS /K
Brle e BEf 1, SARIOATATE T w3k 0.5 m, AE
AR IAREE B R ek #5150 it T 5¢ 5 60 d,
(i e vl e N A IR B Y- % VS =W = Pa DI =

| 05

—0.3 S

20 R L
ST TR

HEH

115\

-83 BiRR I

S gt
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—16.7#}:':

2203 mai e ) o

5250 gy g+
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S293 %+
3 T ERRMERIEE
Fig. 3 Profile of soil layers and test pile

RIG R ENFHE
LTI BEAE B A Bk B 4, 5
JIE 7 IR B K s Air 2832 500 kN PRI T 7 TH0o6) ik
SOMERETOURE N /K-y, 3 I Ay B84 st 2 B A
RN A T T i KATREIS 500 mm, i A2
AN R AR, RN, BCE KRR
D EEBE KA A% o ] S 56 B N0 B AT B 1K
RN B L PETAL RO, BETUR B R, T

1.3

x4 BETRYBEHESH
Table 4 Physical and mechanical parameters of typical soil layers

s TRE HAKE EFE_ WIHILBR BN V\J@ﬁsﬁa ?Eri m& E4qafat  [RIHIELL
JEIm 1% J(kN-m®) tt c/kPa i1C) B8 s Ce Gs

A A 1.7 35.6 18.82 0.999 15.3 19.7 1220 092 0.135 0.013
AV TR A 14 39.7 18.16 1.142 1.1 6.9 17.80 1.09 0.185 0.009
A A 4.9 35.7 18.46 1.000 12.8 22.0 1456  0.93 0.152 0.004
A A 4.8 322 18.19 0.977 17.7 19.3 1402 061 0.170 0.007
¥t 3.6 21.0 19.61 0.619 85 27.0 768 045 0.097 0.008
A A 3.6 39.2 18.63 1.033 23.9 185 1443  0.98 0.174 0.026
A A 4.7 23.0 20.47 0.635 17.6 22.2 10.82  0.49 0.110 0.011
- 4.3 17.4 20.99 0.522 13.1 28.2 8.02 037 0.085 0.006
A A 5.0 311 19.33 0.845 29.7 24.3 1552  0.56 0.144 0.014
A AL 6.0 23.6 20.42 0.647 30.1 25.7 1381 044 0.086 0.016
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Fig. 4 Horizontal loading devices of test pile
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Fig. 5 Layout of loading devicesin test site
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Fig. 6 Schematic diagram of loading plan of pseudo-static tests
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Fig. 7 Hysteresis curves of pipe piles
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Fig. 8 Skeleton curves of pipe piles
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Table 5 Displacements and ductility coefficients of pipe piles

- JEiRARE  RRAIRE PR

{8 /mm {8 /mm ]

PHC9.0-0 23.0 55.0 2.43
PRC9.0-8 36.6 1105 3.03
PRC9.0-10 41.7 166.5 4.02
PRC9.0-12 53.7 203.3 3.75
PRC9.0-14 73.3 251.6 3.45
PHC10.7-0 35.8 101. 7 2.86
PRC10.7-8 41.7 180.6 4.32
PRC10.7-10 47.1 253.4 541
PRC10.7-12 79.3 334.5 4.23

AT PHC BEI =, PRC (1) ) BRAT A2 A1 AR B
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Fig.10 Hysteresis curves of square piles
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Fig. 11 Skeleton curves of square piles
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Table 6 Displacements and ductility coefficients of square piles

) JERAIE  WERAREY)  sEME RS
YI{E/mm {E/mm ¥WME
HKFZ9.0-0 18.0 47.0 2.62
HKFZ9.0-10 35.6 127.1 3.57
HKFZ9.0-12 27.1 135.1 4.98
HKFZ9.0-14 36.2 150.7 4.38
HKFZ9.0-16 42.8 186.1 4.35

HKFZ9.0-12 [P ZE: 5070 JURRAE ik 2 5 KA
4,98, MIETH PERIIEL 90.1%, JLARTIN S35
BLfiZely 0.74%. XUt PR tERem 5, HEAH
WIEE—FE, EEEM A IAS R ILAE TN 14N
NEBRZ B, RN RO R e L, 8
THAZFE ], 25 BEAGAE TN 6K 54 s i B AP R R
ARIG S5, AT 8 IR EATA 12 mm [T )
N I | S TN VRS R N LR TR Ay )
178 ), FfFIEE e miR % .
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Table 7 Displacement ductility coefficient of bored cast-in-situ

piles
O RRGB BEAEY SRR
MRS em g (i
YZ12 19.9 91.3 4.60
YZ14 25.8 125.5 4.86
YZ16 315 159.6 5.10
YZ18 37.6 185.5 4.93




1

AW A AR ATEAE IR AN BRSO K AR B RE AL RO EE IR ST 39

& 7 ER, BEAEDECHZ S, X5 bk
() JeE IR RS 2B N 19.9 mm 1 % 37.6 mm, KT
89%; [AJINf, WRPRAIFL-FI{EM 91.3 mm 154 185.5
mm, L 103.1%. AL 7] 52 AN 1 el F LR
BEIAR R A 15 21 W 2 4w, BEVEAEAEmIA AT nT & )
BRIIKPAI S o BRI HE 1AL R85 A1 R B 2 K
T 3R, ] A SRR A R AR T ) R
Ko BEEMNDECATR MG, R AL RS e R 5
SEEME RIS, AERLT %k 0.82% (YZ16) I
IRB B M 5.0 AL, MALRE RE X — A BE 40T
ATV e LA FLIEE AR RIRE A A — A B LT T 2
2.4 SEHEBIFBRE X EL

x84 T IENE REUR . T/ hIAERY. 1]
CAE R, 0 RL b AL F8 RE Ak T — AN A
FACE, NI IEYE REE 4.5 DL b E RN )4
BE HEFUTRN. 250 07 B B RS SE PS8 LA, HA8 /N
T3y T IEECAR TN AN AT, TN AR A RS SE T
PR R EPE T, AR ) BE A7 e 1 R R
KIEE|T 541, &2 T HEENERIEIKE,  BRAF
ST IERIRI PR ER . B IC AR TN AR S
TR B RS P R R AT R it

%8 BHBIBEE R
Table 8 Displacement ductility coefficients of piles

JRERAL  MRAE ALRBERE

Lyt Wb S BiE  BiE R
/mm /mm HME

[ iR S PHC9.0-0 23.0 55.0 243
hE PRC9.0-10 41.7 166.5 4.02

I &F5i 3 PHC10.7-0 35.8 101.7 2.86
hE PRC10.7-10  47.1 253.4 5.41
iR Hzs HKFZ9.0-0 18.0 47.0 2.62
Vit HKFZ9.0-12 27.1 135.1 4.98
o YZ12 19.9 91.3 4.60
HETE B YZ16 315 159.6 5.10

3 4 it

(L) TN IR e LA HE . 20 BELE K TR
JEAE ST AT B AE P T (R Aar 28 — B s ] il 2 i i gy
TR, FERERRVERR 25, ISR TN R A
RN AZAL ) G N R R e iy VA & Kol PN ]
Sl 1 B2 N R SR i S S AR ] R B
IR e .

(2) HFUTRN JIR e A HE L 20 7 BEAE IS 3 H
WEACT AR A IS, AREEnzk, AT & # RE
B, SEREVERGIR. BTN AR T S G
TR JIHE AR TEE RE, #5545 TC AT TR ) A 11 Jest A7
B W PR AT A 35 BE A TN 355 T A3 2 1 189 g 15
TEG DI R Ja I AR, 5 B AT T g (1 Al
I FR R AEPERE .

€N UGS | SUINFALIVIEIRTE S A TINPAN Y S
ERE. LIRS SENE, S AR T
Ja A BTN ) HE T L PRV REI EER . B R
TN AW AT RC AT A AR n . S5 W IS 0 B R4S
WENER BRI N S, AR AR
RN L S L S R T E 6

(4) REFEPERISHE AR IETE R B KT 3, B
AR IENE . BEAE BCAA IO N, WETERE IR A% S
PR A RE DL S s N R, A e M
M SENE (1 i B ¢ o

(5) W BRSNS Rt 1B+ 25 0 R PR R PR AV
WA RV AS SENE 2R 4008 Wl = /N T HORE A, =0 e
ARSI Je  FORR PR AL A AR AL AL S A 5
B a] ik 05 5 MHEEAEAN S, PURTERE R S 6. 1
PRC A FTHEE ML AT AE AL PR ZORIT, PRC HEKT 7K
B R

AR ARE ARG S [ S BEAR DU TERESE M, )5
SPH A R0 S A > T AR BRI I

SE K-

(1] XUFFR, oKy, BESME. TR R G+ BE I PUE M fe
Kot M. dent: ANRASIEH AL, 2013 1- 2. (LIU
Chun-yuan, ZHANG Zhen-shuan, MU Huan-sheng. Seismic
performance and new progress of prestressed concrete pipe
pile[M]. Beijing: China Communications Press, 2013: 1 - 2.
(in Chinese))

[2] DAVISSON M T, SALLEY J R. Modd sudy of laterally
loaded piles[J]. Journa of Soil Mechanics & Foundations Div,
1970, 96(5): 1605 - 1627.

[3] MAYNE P W, KULHAWY F H. Laboratory loaded modeling
of lateraly loaded drilled shafts in clay[J]. J Geotechnical
Engineering, 1995, 121(12): 827 - 835.

[4] DYSON G J, RANDOLPH M F. Monotonic lateraly loading
of piles in calcareous sand[J]. Journal of Geoteehnieal and
Geoenvironmental Engineering, 2001, 127(4): 346 - 352.

[5] £ R Ak %, PRSI, AF HchMLh PHC EBEAKP
A PRI 7T ). 5105, 2005, 26044 T): 39 -
42. (WANG Yu, LIN Jun, CHEN Jin-jian, et a. Field test for
the behavior of pre-stressed pipe piles in soft subsoil under
lateral load[J]. Rock and Soil Mechanics, 2005, 26(S0): 39 -
42. (in Chinese))

[6] FJE, % &, MR2ttE, A5 RERCEIEANK PHC &
BEAP A BB ST ). A B R R (B AR AR,
2007, 35(7): 131 - 136. (ZHOU Wan-ging, CAl Jian, LIN
Yi-xi, et d. Expermienta investigation into PHC pipe piles



40

# - T &

2R 2019 4F

(8]

(9]

[10] xR, 4067, &

[11]

[12]

under latera load in deep soft soil foundation[J]. Journal of
South China University of Technology (Natura Science
Edition), 2007, 35(7): 131 - 136. (in Chinese))

FERR, BE R, B, A5 TN ) s R
BEBURE 1 B ARSI T B BB AT [C 550N 4 T VR ek
B S/ S VIINAAR Y= 3 Wy NS N i i S5 T A K o NN T
W4, JUIT, 2013 45 - 53. (WANG Tiecheng, YANG
Zhi-jian, ZHAO Hai-long, et a. Experimental study and
numerical analyss on seismic behavior of prestressed high
strength concrete pipe pile[C)// Proceedings of the 16th National
Conference on the Study of Concrete and Prestressed Concrete
and the 12th Session of the Academic Conference of Prestress.
Jivjiang, 2013: 45 - 53. (in Chinese))

ERRR, FocEk, B, 55 AN RN ) bR
PERE 50 0 L3, Tk 2251, 2014, 44(7): 84 - 89.
(WANG Tie-cheng, WANG Wen-jin, ZHAO Hai-long, et al.
Seismic performance of different prestressed high strength
concrete pipe piles[J]. Industriad Construction, 2014, 44(7):
84 - 89. (in Chinese))

PO, BRI, 0 dh, AR TN ) iR R AT
e RER I T[], WAL Tk R 2%244H, 2013, 42(5): 99 -
103. (LI Yan-yan, CHEN Yan-feng, LIU Kun, et &. Seismic
performance of prestressed high-intensity concrete pile[J).
Journal of Hebei University of Technology, 2013, 42(5): 99 -
103. (in Chinesg))

Fe. TN BER Bl 5 X 0 1) H
AL, B2, 2012, 33(H T 1): 265 - 269. (LIU
Chun-uan, LI Guang-hong, LI Bing. Numericad analysis of
shaking table test for prestressed pipe piles[J]. Rock and Sail
Mechanics, 2012, 33(S1): 265 - 269. (in Chinese))

AT, )R, WA, AR B AR R A U By
FERIGITIT[T). A TSR, 2011, 33T 2): 271 - 277.
(ZHANG Zhong-miao, LIU Jun-wei, XIE Zhi-zhuan, et a.
Experimentd sudy on flexurad and shearing properties of
modified concrete pipe pilegJ]. Chinese Journa of Geotechnical
Engineering, 2011, 33(S2): 271 - 277. (in Chinese))

BT, xR, A8 A, AF. IneR YT ) R T AT
PUES BRI T[] WV K2 AR (D242 hR), 2011,
45(6): 1074 - 1080. (ZHANG Zhong-miao, LIU Jun-wei,
ZOU Jian, et d. Experimental study on flexurad and shearing
property of reinforced prestressed concrete pipe pile[J].
Journal of Zhejiang University(Engineering Science), 2011,
45(6): 1074 - 1080. (in Chinese))

[13] Bk, Hididy, &, & WA HCHE b bUE e

W[, TR TR S #2424k, 2015(3): 27 - 32

[14]

[19]

[16

—_

[17]

[18]

[19]

[20

—_

(WANG Tie-cheng, DU Zhou-fang, ZHAO Hai-long, et a.
Experimental research on aseismic behavior of pipe piles
with hybrid reinforcement[J]. Journal of Civil Engineering
and Management, 2015(3): 27 - 32. (in Chinese))

kOB, BOR, FEH. PHC EHEDURE T B & L GR
Jti KRB B ST [, TR b K Y I, 2012(9): 32 - 36.
(RONG Xian, DI Hao, LI Yan-yan. Experimenta study on
seismic behavior and improvement measures of PHC pipe
pile[J]. China Concrete and Cement Products, 2012(9): 32 -
36. (in Chinese))

AWt EEH, . RS mEAERTR SEE T PHC &
BER PR TERE BRI AR, 2013, 29(7): 59 - 65.
(RONG Xian, WANG Xu-yue, LI Yan-yan. Test study on
seismic behavior of the improved PHC pipe piles under low
cyclic loading[J]. Building Science, 2013, 29(7): 59 - 65. (in
Chinese))

B WE, SRR, A TN e R R B Rl
REFIRIR AT, b Dok K22 244, 2013, 43(2): 88 - 91.
(RONG Xian, QI Xiao-guang, LI Yan-yan. Experimenta
research on hysteretic behavior of prestressed high strength
concrete pipe piles[J]. Journal of Hebe Universty of
Technology, 2013, 43(2): 88 - 91. (in Chinese))

TR, AL B, BARR. A TN ) R AR
NI EERERIAITTE[I). HMI R 4R (L2 h), 2013, 34(6):
80 - 84. (WANG Xin-ling, DU Lin, HUANG Wei-dong.
Stiffness study of prestressed and reinforced concrete
compounded pipe pile[J]. Journa of Zhengzhou University
( Engineering Science), 2013, 34(6): 80 - 84. (in Chinese))
ERL, mea, BRI, 5. B A e i TR ) R
AT AR IT[). TAkER, 2012, 42(8): 64 -
68. (WANG Xin-ling, GAO Hui-zong, ZHOU Tong-he, et al.
Experimenta studies of flexurd behavior of new type
prestressed concrete pipe pile with compound unprestressed
reinforcement[J]. Industrial Construction, 2012, 42(8): 64 -
68. (in Chinese))

TR, AR, R R BTN ) IR A
BeTIT[J]. M THA, 2012, 41(16): 118 - 122. (WANG
Xin-ling, FENG Xiang-ling. Study on flexural behavior of
new type prestressed concrete pipe pile for compounding
reinforcement[J]. Construction Technology, 2012, 41(16):
118 - 122. (in Chinese))

BBHR. TR I 5 HOR[M]. Rt REER
kL, 2004. (LI Zhong-xian. Theory and technique of
engineering  structure  experiments[M].
University Press, 2004. (in Chinese))

Tianjin: Tianjin



H41% H1W = + I B % Vol.41 No.1
2019 4F 1H Chinese Journal of Geotechnical Engineering Jan. 2019

DOI: 10.11779/CIGE201901004

IR T B SR P AHK I E e E 51t

= vel 2 2r ¥ 1 2 1,2 ¥y es 1,2
FEMEDS, H AT % 0, REF
(1. R 2 SR TREA S S S20e 3, VEJh FIaT 210024; 2. Wil K204 B+ TREAR TR L, 106 F5 210024)

8 F. FERCKERBE G SO AR BN Th R, AR T A ANER L L [ 2 1 7 mg LABE I B D
M RGREE, IS LR RN AT A= A A A P, EA - ARBT D) U Sk A 1) 25 Lo e B S R AL T
AR AR W S5O B B L v, A3 B4 A s i A AR B TR0 DU AT R AR Ak i Shifg . A
ERGSE, JFRET WARE LAEARRE L EERTT, [ 45 R bR W s AR U, seas i T g
FER I AL AR RS, 4580 T AR BT DRI A AL 197 3508 1 FANHEK BB SR, 0 AT 1 [ 450 A HR AN K
PUBY IR LA RN 2 MIIMAHOCOC R AR, EARRIBAENER T, [B45588Ua A KUY 58 5 5 A 3008 )
BEIHERILIE R, HR, AR —EENDERT, B4R T AR HE K Gy o8 B 5 R 20N ) 11 B4Rtk
B, mE, TEARFRBLEIERTY, 4RO, (885 FE gk SRR A 80N 7 i B R R A HEZK B Y o
Ko [EGE R I AHEKPUBT 38 B H AT BT [ 855008 77, &5 BTaTFLBELARDG, FURIHBOR RN T8 )%
TR R PR LI BY AT IE 25 S0 N, ASHEZK BB S R P K R A

EBIE: WA W4 AHOKPUBRRAE: MG BYRTTLRRLEL

FESES: TU432 XRAFRIRED: A NEHE: 1000 - 4548(2019)01 - 0041 - 09

EEEI Y FEMQ972- ), T, WHEEWMA, WL, #0%, WF L J)%30% 5% T4E. E-mail: leiguohui@hhu.edu.cn.

Behavior of undrained shear strength of saturated soft clay under consolidation

LEI Guo-hui* %, GAO Xiang"?, XU Ke"? ZHENG Ze-yu"?
(1. Key Laboratory of Geomechanics and Embankment Engineering of the Ministry of Education, Hohai University, Nanjing 210024,

China; 2. Jiangsu Research Center for Geotechnical Engineering Technol ogy, Hohai University, Nanjing 210024, China)

Abstract: By integrating the functions of large-diameter consolidometer and miniature vane shear devices, a systematic
apparatus is devised and devel oped to be capable of performing shear tests at any point in time during the consolidation process
of saturated soft clay. Considering the non-uniformity change of the excess pore-water pressure in space and time, each
miniature vane shear device is equipped with a miniature pore-water pressure transducer at the bottom of its hollow axia shaft
mounting blades. The large-diameter consolidometer is equipped with miniature earth pressure cells. Thus the apparatus has a
function of automatic real-time monitoring of changes of the effective stresses a the positions of vane shear tests. By using this
systematic apparatus, the vane shear tests are carried out at different pointsin time during the consolidation process of saturated
soft clay subjected to different consolidation pressures. The changes of red-time deformation and pore-water pressure are
monitored during the consolidation process, and the effective stresses and the undrained shear strengths at the positions of vane
shear tests are derived. The correlation between the shear strength and the effective stress is andyzed. It is shown that the
traditional linear relationship exists between the undrained shear strengths at the end of consolidation under different pressures
and effective stresses. However, under a certain consolidation pressure, the shear strength increases non-linearly with the
increase in the effective stress during the consolidation process. Moreover, under different consolidation pressures, the larger
the consolidation pressure, the higher the shear strength at the same effective stress generated during the consolidation process.
The undrained shear strength gained during consolidation is dependent on the effective stress and the void ratio before shearing.
The fact that the rate of dissipation of pore-water pressure is less than the rate of deformation is the main reason for the rapid
increase in the undrained shear strength at the early stage of consolidation when the effective stress before shearing is relatively
low.

EEWA: FExAREEIELTH (51578213, 51778211); kil
strength; miniature vane; void ratio before shearing FEARMING 4 LI 4 T (2017B20614)
Yrks AHR: 2017 - 10 - 27

Key words: soft clay; consolidation; undrained shear
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Table 1 Sizes, full scaes and accuracies of transducers

S S R~ iy il
hr kvt 200mm  0.25%FS
M ALR T ®8x14 mm 50kPa  0.25%FS
W A R ) ®22x18 mm 50kPa  0.25%FS
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3D elastoplastic constitutive model for nor mally consolidated soils
based on char acteristic stress

LU De-chun, LI Xiao-giang, LIANG Jing-yu, DU Xiu-li
(Key Lab of Urban Security and Disaster Engineering, Ministry of Education, Beijing University of Technol ogy, Beijing 100124, China)

Abstract: The strength criterion in the characteristic stress space, whose form is the same as that of the Drucker-Prager strength
criterion, can describe the true three-dimensional strength of geomaterias. In other words, the isotropic function in the
characteristic stress space can describe the anisotropic mechanica properties of the geomateriads. In the characteritic stress
space, anew yield function is proposed for the normally consolidated soils on the basis of the interpolation function method. By
using the plagtic potential function from the authors’ previous researches, a true 3D eastoplastic constitutive model for
normally consolidated soilsis directly established in the characteristic stress space. There are only 7 parametersin the proposed
model. All the parameters have clear physical meanings and can be easily determined through laboratory tests. The proposed
model is analyzed through model smulations and is verified using the soil data available in the literatures. These results
demonstrate that the proposed model can smply and reasonably describe the characterigtics of the true three-dimensiona
strength and deformation of normally consolidated soils and can be degenerated to the modified Cam-clay model.

K ey wor ds: constitutive model; characteristic stress; true three-dimension; non-associated flow rule
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3D random reconstr uction of meso-str ucture for soil-rock mixture and numerical
simulation of its mechanical characteristics by particle flow code
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Abstract: The soil-rock mixture (S-RM) is a discontinuous, heterogeneous and anisotropic multiphase medium consisting of
soil and rock blocks. Its mechanical characteristics are extremely complicated and closely related to the internal mesoscopic
structure of soil and rock blocks. From the view of meso-structure, a reconstruction method by computer random smulation is
proposed to reconstruct the 3D meso-structure for S'RM based on irregular rock blocks, and a randomly modelling system
(RMS™) is developed using the FORTRAN language. On this basis, the discrete element models for S-RM are established
considering the shape of irregular rock blocks, and 3D numerica shear tests by particle flow code are conducted for them to
investigate the influences of spatia distribution of rock blocks on the mechanical characteristics of S-RM. The results show that
the mechanical characteristics are significantly affected by the spatial distribution of rock blocks. The shear stress-displacement
and normd displacement-displacement curves are different for SSRM samples with the same content and gradation but different
spatial distributions of rock blocks, especidly for the post-peak curves, they show obvious differences between each other, and
the latter lags behind the occurrence of differences compared to the former. In addition, the shapes and thicknesses of shear
zones after failure exhibit certain differences for SSRM samples with different spatia distributions of rock blocks because of the
effect of obstruction of the rock blocks located on the shear surface.

Key words:. soil-rock mixture; mechanical characteristic; meso-structure; random reconstruction; particle flow code; spatia
distribution of rock block
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Progressive failure of expansive soil slopes under rainfall

ZHANG Liang-yi, CHEN Tie-lin, ZHANG Ding-li
(Key Laboratory for Urban Undergroud Engineering of Ministry of Education, Beijing Jiactong University, Beijing 100044, China)

Abstract: The expansive deformation caused by rainfall is one of important factors for the failure of expansive soil slopes.
Therefore, it is of great practical significance to anayze the progressive failure process of expansive soil dopes under rainfall.
Based on the linear relaionship between expansion strain and matrix suction increment, a humerical analysis method for
multi-field coupling of unsaturated seepage, stress and expansion gtrain fieldsis proposed. Based on the strain-softening model,
the infiltration process of an expansive soil dope induced by single rainfall and the complete process of its progressive failure
are presented. The results show that the progressive failure of the unsaturated expansive soil slope occurs at the foot of the slope
and extends gradually to the top. It has the characteristics of time delay, multistage and retrogression. The expansive and
strength parameters of expansive soils have significant influences on the failure form of the slope. The failure of expansive soil
slopes retains the commonness of the general cohesive soils and presents the particul arity of dry shrinkage and wet expansion.

K ey wor ds: unsaturetion; expansive soil; multi-field coupling; progressive failure; retrogressive failure
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Scale effects of uplift capacity of circular anchorsin dense sand

CHEN Rong', FU Sheng-nan’, HAO Dong-xue', SHI Dan-da’
(1. School of Civil Engineering and Architecture, Northeast Electric Power Universty, Jilin 132012, China; 2. Northeast Electric Power

Design Ingtitute Co., Ltd. of China Power Engineering Consulting, Changchun 130021, China; 3. College of Ocean Science and
Engineering, Shanghai Maritime University, Shanghai 201306, China)

Abstract: The scale effects of uplift capacity of circular anchors in dense sand are studied by means of the model tests and
finite eement method. The pullout tests on the circular anchors with the diameters of 20, 50 and 400 mm as well as the
embedment ratios of 2~6 are carried out, where the curves of uplift resistance and displacement and ultimate uplift capacity are
obtained. It is seen from the test results that the breakout factor decreases with the increase in anchor diameter under the same
embedment ratio, and the phenomenon is more obvious with larger embedment ratio. Numerica anaysis for the pullout tests is
performed based on the modified Mohr-Coulomb model which can reflect the strain softening of dense sand, and the results are
compared with those based on the e astic-perfectly plastic Mohr-Coulomb model. It is shown that the numerical results based
on elastic-perfectly plastic model overestimate the uplift capacity of anchors remarkably, while the smulations based on the
modified Mohr-Coulomb model can reved the process of mobilizing soil strength to the peak value, and thus the numerical
results agree well with the test ones. The reasons causing the scal e effects are the soil strength dependent on stress level and the
progressive failure during pullout. The process that the soils surrounding the anchors reach failure step by step becomes more
and more obvious with the increase of anchor diameter when the embedment ratio isrelatively large.

Key words: circular anchor plate; uplift capacity; scale effect; failure mode; progressive failure
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Table 1 Test programs and ultimate uplift capacities

Q Kol u
lgnHm R HEN V% jmm
i MC MMC MC MMC MMC

1.66 2.19 152 319 -84 0.76
3.90 5.56 3.65 426 -63 0.81
752 11.68 712 553 -53 110
21.56 30.16 2031 399 -58 174
18.64 3157 2052 69.4 101 125
4734 76.35 50.57 61.3 6.82 1.57
102.71 157.80 102.06 53.6 -0.63 2.45
27371 46450 278.26 69.7 -1.66 7.79
10055.1 12667.1 9212.0 26.0 -8.38 8.80
227284 301754 225619 32.8 -0.73 12.90
44150.5 621052 43607.8 40.7 -1.23 23.00
109865.0 185263.1 106713.1 68.6 -2.87 80.40

< 2 RO -HIRYRIEIER
Table 2 Physical properties of sand

FERifE AR IWERE pma Prin
dso/mm Cy C. gem™)  /(gem?®)
0.25 1.87 0.938 175 1.56
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—— p=40kPa
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1000 ¢ N ---- p=400 kPa

/%
1 REL A - B3R K AR 4k
Fig. 1 Deviatoric stress-axial strain relationship
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Table 3 Strength parameters for various constitutive models

D S3 Eso Ip Yo

mm P e MPa IC) IC)
2 0.70 6.5 58 33

20 3 1.05 7.8 56 31

4 1.40 8.9 55 30

6 210 108 54 28

2 175 9.9 55 30

50 3 263 120 53 27

4 350 137 52 26

6 525 166 51 25

2 14 26.3 47 20

3 21 318 46 18

400 4 28 36.4 45 17
6 42 44.0 44 16
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M odified Pyke's hysteretic model considering damping ratio
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Abstract: The damping ratio is a dynamic soil property that indicates the capacity of energy dissipation under cyclic loadings,
and it plays an important role in dynamic response analysis of sites and soil-structure systems. Based on the dynamic shear
modul us curves and damping ratio curvesin the references, the accuracy of damping ratio predicted by Pyke’s model is studied,
and it is found that the predicted damping ratio by Pyke’s model largely exceeds the measured damping ratio in the range of
large strain amplitude. A modified Pyke’s model for accurate simulation of damping ratio of soils, named as D-Pyke model, is
proposed, which combines the damping ratio-based hysteretic curve equations with the unloading-rel oading rules of the origina
Pyke’s model. The new model assumes that the fullness of the hyperbolic hysteresis curve is determined by the shape-factor
that is determined from the experimental damping ratio curves according to the shear-strain amplitude of the current hysteretic
loading curve. The shear-strain amplitude of the current hysteretic loading curve is calculated from the shear-stress amplitude
based on the skeleton curve of soils, and the shear-stress amplitude is determined according to Pyke’srules. Based on the results
of cyclic simple shear tests on a silty clay, it is verified that the D-Pyke model simulates the nonlinear shear modulus and
damping ratio properties more reasonably than the original Pyke’s model. The D-Pyke model inherits the advantages of Pyke’s
model, i.e, it simulates well the ratcheting effects of soils under cyclic loadings, and it obeys simple unloading/rel oading
criteria under irregular loadings. The proposed model can provide a more reasonable constitutive simulation method for the
analysis of soil response under stochastic loading.

K ey words: hysteretic constitutive model ; damping ratio; dynamic property; irregular loading; cyclic smple shear test
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Stability analysis of tunnel face in high-pressure kar st tunnels based on
catastrophe theory

WANG Zhi-jie, GAO Jing-yao, ZHANG Peng, GUAN Xiao, Jl Xiao-feng
(Key Laboratory of Transportation Tunnel Engineering, Ministry of Education, Southwest Jiaotong Universty, Chengdu 610031, China)

Abstract: In order to study the bearing capacity and failure mode of the intermediate rock wall in the presence of orthogonal
high-pressure cavernsin front of horseshoe tunnels, a frustum model for the instability of tunnel face is established considering
the influences of the location and size of the cavern on the sahility of the intermediate rock wall. Based on the cusp catastrophe
theory of the potential energy criterion, the critical pressure can be predicted. At the same time, similar model tests are
conducted to reveal the destruction characteristics of the intermediate rock wal when the high-pressure cavern are intersected
with the tunnel. The failure model for the tunnel face is additionally verified. The results show that the critical pressure of karst
cavern increases with the thickness of the intermediate rock wall and the grade of the surrounding rock and decreases with the
increase of the size of karst cavern. The change of the elastic modulus of the rock has a significant effect on the stability of the
intermediate rock. When the thickness of the intermediate rock wall exceeds 0.35 times the hole diameter, the cavern is not the
main factor causing the failure of the face. The pressure spread angle g  isintroduced to describe the destruction pattern of the
intermediate rock wal when the cavern and the tunnel are in different orthogonal positions, and founds that the critical pressure
of the cave is positively correlated with the curvature of the tunnel boundary near the side of the cavern. The results of the
proposed model are basically consistent with the test ones, which can provide reference for the design and construction of
high-pressure karst tunnels.

Key words: high-pressure karst tunnel; collapse of tunnel face; similarity model test; catastrophe model; pressure diffusion
angle

51 = TSR AR R AT T, PRI T S 2B ]

B D AR T A s AR AR, , ARV ———————

e RN - N e HE A BRI (IRT0955)
TP 5K, 5808 ARBTG5 K . he

s HE: 2017-12-14

MsEhr TREE W ERZAY, SEAFH WK KA ) *SERAEY (E-mail: yichangfanhua@126.com)

EEWMB: P REKREARHY S LI S0 H (SWITUL11ZT33) ;


mailto:zhjwang@swjtu.edu.cn
mailto:yichangfanhua@126.com

96 a5 oE L OB ¥ M

2019 4F

(1) 2 A2 L P v IR st e v (1) B

HREEIR. JE AEHeY . SREIEAIX
(A B O AR A0 BT RS T P AT 52, HAS AL i A
R IAHEICHE,  PIHZR 0T I8 o R A . X BBy
At VR S YT RS A8 Al b R 2 e e 7 A4 () AR ) 5
Wi, 3 e AR AU RS R g AN BT SIS T BRI T i
I S AR RS BB A T R s 3 2 2 T4y 3132
S AR MR ) 22T 1 BRI ) B A A et L e K
VAR R 25T I 7 A7AE B AR N A R 1) 2 4 )R
SEPHARNE T S AR BV R PRI 2 2 DL B AL
TR ST e 7K s 78 BB W R PR RSOE s Rk
P25 AR A A TR 7 TR TS WA B AR
FPIA S CR PR cai i) 2 D PN S BURE VA SR IEN
R 3T B SRATRIY , W FUE B 1 1 (1R S KL
Fedue /N A TR s 34l SCEIE i 93 A8 BT S I
TR 2 (R P s o AR AR T e R T R 5 A5
TGRS, 0l i SR o R 1R ROK G KB AT T
WF9s EARA G AR T BRI 45 & T
RESE], MR )22 (K F BERIE 9 T Bl it T4 A H A7
e KGR EUR R B R AR B S J2 e /N 242 R
Ji.

UG 32 B T e W B S S5 R R A E T
TN R AR IR E Mo R TE S K WL )
S o EER T BB F T AR AR IR AT R R N, PR B
ARBRE IO ANRN, 0T SR S BRI S 1
TSRS AL (R 0 BT SE R A S ST 0k, A% 1
VI RSP AN B, ST TR R R AR BRI 1A ) s
BRI, BRIy L S0 W i SR i 1 i A 1
AR, JFIT S WA IS AN B v 5, SRR
RBRL R B, ARSI 0B i 5 i s A e
[ i 5 L AR R R

1 EFRTEIEHDNFRE

BEXTEE 7 10 SR AN R 22 AR B R, X
BT M- B R AT AR TR, ASCRES R
W RIS HiEAS, BT 5y X A .
H i TZR 7 AR BT T, 2R 71
PR D S A B T ] A (10 RO A 3L
B3 T AT 51 ) X RS2 s T2 9, g
b TRE, 43 S 511 1EAZ H/N T REIE Wi )
NI B TS SR AR DA A S RO 22 A0
HICHOA R R HAT W B RARS AL B TR 1R
AR TG R AICAR ML TR, AR BB
BRI, JCTR Al AU SR IR BRI, BT 45
RAAITHER . 10T AR DA AT A K 2R T 42

HAiks, W, ATEEH . o T A hiihs
JEHE IR RAE I A TH 53, R B 7 i s 0]
LW Z L AR BT e RS PR 2R G il A DA T R 23 I A
ARG, AR E I 1

B 1 hFRE
Fig. 1 Mechanical mode

HA SRRy

(1) FEIE S 7~ 1152 ) D 1 8 EDRAS, e
MY A, S BI R .

(2) W5 512 ) 52 )6 AT A o i g
HORILE S R RER— R AR AL B HE 5 2
Mo IR S AR S Ty Bl AR . PG R
FEIR S ARAN R IR 7 AR L

(3) HE i AL e A~ AT, TR
I ANAZTE , A TR AL RS AR5 0 9 ] 2 U AE 5 TR
(G HE 5 RN A PN AN ) 2 A2 Al e Ko — 3

(4) ARSL BT IS e 0 v ) e i R 45 s
M-S EE BT OIIR, A% BRI B R
(e

(5) H A i (0 P 4 55 o A 1 L AE BRI
I _ERITEAZ,  IRIMAE T S A A D It 22086 DR o 5 s 4
e P LE MRS

VERHESE 7l LR 8 X A2 a, AR
A, FEFia R IIN qp BEIERTTHRE D N g
AR ERE b, WERIBUEREONt h, [BIHES TS A
JEhq o WRPEHIEVERIS, ST EEm X A B IR
JEITREA

_ 9 2 .22
w—%(a -ro)y” . (@)
A v e B RO IR o S AR L ) S A
B DARBIGPUSRIE, D=kKEt®/12(1- nf), E,
m 7353 A T AR R LR R R A EE
KT e S ARG T 100) Hl e R iR e EEAT 1)
AU, ARG J A
P=U-W=U+U,)- W+W,) . (2
A U NEHES S AR AEE, WS A B
REU, K IHI N AR BE U, : W A A0 BIHE & i
Ty, ARV A s b v A3 1 UHs 1 ZE B AE Rl ) 2% L



513

TAEN, 5 ST RARMR N S

VAR T A T REE PERIT T 97

IR W, B A2 A B L (R Th W o Ay dd Gt Bt
FE e I /N, U AL AR B .

D\‘?a@lzwq Laswg U OI_32pr2 3
P Q Kdr? rgdrgH 2

A, Wmiﬂﬁffﬁﬁijfuﬁ‘]ﬂij(%éE, MR (2),
JUES)

W = [a. (M) - g]a’ ’ (@)
64D
L, a, (h) ¥ s DAL 36 2R o i B AR IR T,
TR P Hs A% 3688 AN [R5 B2 [ AR 1) Hs it
nb’q = na’(t)q, (t) (5)
A, at) AA R E B

a-b
t+b 6
- (©)

alt) =

JEERE Sy dt PR AR PR P T AR 45 E K

pEdt . a(t)ledu la@Ion ?

1- nt Q Tedr ZSdrgu+r

l&dWoUU d
ZSdr Buy '
tb

c

+

Uzt =

N

om €
r adr
_ nEdt
=@ man 0
b, U WA, FLOTHHR L [ S R A
Wise, FFECHGEARIA RT3 %)
ur :aj[- r 0 r & VV2 CELE . (8)
§ a0 & a  al) a4
®F, o, o o ABNHHL
B (5). () AR (7, FHERMES y 71
R E B RGN A, SR (3) HEIR
GRS T
_ oo _32pDWE pEdt
U —U1+QdU2t - 332 +Q%(l— mz)a(t)z m

_32pDW., . c,pEh
- 3a2 + (l_ rnz)abw:’1 ° (9)
N TRE G v SO AR B N, AN DRI AL
AL .

\\a)2
W:Q:E =0, - qo_wrdqdr+c0:E—2q1 qo.urdqdw

1 ab?
=3Pe G- qo—aw -cpg cu qo—vv3 (10)

20 (9. (10) fCAL (2) BN
RRGE I bR 5L

p = GPEN

T er32pDW2+

3 "

o’ 0, 1 ab’ 0
CPg - %EW; T3PeF %" %Eazwm - (11)

Yt T A A,
P :édaiwgq, Xx=w - B, B=23 (12)
i=0 4
¥l (D it (12) Bl
P =b, +bx+b,x*+b,x* , (13)
Hrp,
ab, 0 ®B* -B° B* -B 109
Ch T Sap° 38 -28 1 0.5
Cr+o¢ —c;a , (14)
¢h, C6B2 -38 1 0 07
€z €1 o0 o o ‘Ga I
%
é\
P_:P’U:bz’V:bl’C:bO’(ls)
4b, 2b, 4b, 4b,
ML (13) w7k A
P =ix+luerwe . (16)
4" 2
HP %) =0, P %x) =08 ms14 VAN
D=4u®+27v*=0 . (17)
MR R R (17) B, RGA TR
IS FUIRZS,  PRn] DA B R 48k AR A8 RAR I 7800 4%
ﬁ:[l?]:
€ . ap? & 8E*c’h*p”
A~3~3 -~ _ - o=
5 a7t +a2b2(n12- 1?
32E%cc, h4p38 q, - qogﬂ
9a’b(nt - 1)° g
.3
&, ah’ 6  64E’ch'p> O
— =GP 18
§Cp8 7% %G Srai(n? - ) (18
RG-Sy AR R A SR B4 N u<0,
321

5 &
27¢cza’b(nt - 1)2?&0,1 qo

B=p . (19

64c,E?
il (18). (19 W&, HhR)A RS R, %
TSR, WANVTEZE O, BlAioasim N, i
ELHN, RGHAR D) R AR TG R
2 SEBRAERILLE
2.1 IiEE=

HAE TN = KIm KR IRIE 20 = IR IE, FEIE



98 a5 oE L OB ¥ M

2019 4F:

DRI 7 A A AR, RS e AH S
NN A ol L G B = NS TR s NI
14.75x5.0m, K4 10616 m, H KHERZ) 1020 m, &
THRIRREIE . BEUEX M A R AR, B HIEKE
MR 7K TR AR . R T 2R 2 N A A A R
BRRAERD L. B b RiPE LSS, Sat i R KR
WG, FA PSR KRR, ABRE M TR &
A R AR A TR TR T AN T 4 A
2.2 RELRIGKE

A SE I IR AR, AT BETE 1T T AR AR R s
TR I 2 (RN = 9 A AR R X o R0 R 1A
MR G248, SRR, 5. malh
300, 100, 180 cm, F&iE Wrifi )~ >4 58 cmX 38 cm (5
xR, AP 2 f5AE (122 em) /BN
WA, BEEITHER EEEEA TR 92 om, F R FE
TR T UM . e iz, /K
SPRIE R A, KRB R EN S, KA
ISR B AT 2R . A T A P R ol A
Ab TP AR, 7RIS & 4HT 5 1 E 8 M L4
SRS RE R e BT A . B SIS 5 4L LI 2,

VTR N S AR AR B 3 W S s e, e
A& AT TP AN T 2227 AR R AR 23 R A3 3 LT
NYUE A 2 EARH, A 2SR R
THRAAR A BT H I 5L T 32 [R] e 1 e Sl &
—3, WAL AL 2R G A R AT .

2 RELI AR
Fig. 2Model test devices

AL N 7 BV P AR A, VAR A
W B AR B LB 3 s, P inaicke s
KRAGER, P smE U BRIk N ANE 2%, JF
FARULE SR B ) 7%

2.3 R RNERE K &

R 0 A AU e 2 A st OB 5 56 B R ) A AL
R BRI LT AR LLE C, =30, HoAt#1 )
EOEAMPILA R EAE N, At NAR
(AL C, =C =C, =C, =1, #iERE. .
R J). RS HORIBIL C, =C, =C, =C, =30.

3 AEAEERRE
Fig. 3 Cavity pressure controlling devices
R A (R C R LA S B, N — & EL] 0k
B Bl AT S Bt . Gl R ARG EE AN
RN FZHOAE, € R EHICEE LR 1.
F 1 IVREARUMRIE L
Table 1 Mixing proportions similar materials of rock grade IV

MR Ay I R Bl AR AR
1917 1 1 075 0275 0.15
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fro FESER IS SRR i & DR AT (A B%
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Table 2 Parameters of rock and similar materials

g E c j
I H 5 m
I(kN-m®)  /GPa IMPa  /(°)
AR 20~23 1.3~6  0.3~035 0.2~0.7 27~39
TR 21 0.1 0.30 0.05 28
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Table 3 Design of test conditions

, WG KPR o T RTE ]
T Cmem  mm PR e
1 15 45 HETHT 1
2 15 45 ik 6
3 15 45 4t 3
4 15 45 E71917H 4
5 10 3.0 e 4
6 20 6.0 P 4

B EG T B E A 2 100 em, 3R 56 H R
B& 3 S B il TP BT T2 5308, M TS
BERI R 10om GRS 3 m), LA G K e
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Table 4 Pressureloading rates
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Table 5 Indices for numerical calculation
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8 I\ 3.0
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Fig. 5Model for karst tunnels
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Table 6 Numerical parameters
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Fig. 6 Influences of position of cavern on stability of tunnel facein
air-loading process
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Table 7 Busbar angles of cavity at different locations C)

Wi LTI P % J[AIE7S
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Fig. 12 Presentation of cone cavity
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Table 8 Curvatures and pressure diffusion angles of tunnel

boundary at different positions of cavern
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Fig. 13 Critica pressures of cavern with different surrounding rocks

10

9L —=— 3.0 mHARR (ESHE)
—e— 45 mEAER (S )
8- —— 6.0 mEARR (HEigHE)
7L
%‘3 6L RS 1.85 MPa
Rs )
i RIS E: 1.55 MPa
B 4 <
&
3
2 :
1 \
01 : . . .95 MPIa
20 25 30 35 40 45 50 55 60
o] 44 B B /m

14 REEERTR IG5 E T thik
Fig. 14 Critical pressuresof cavern with different sizes
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Fig. 15 Critical pressures of cavern at different positions
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Srength criterion for frozen saline sand considering effects of loading rates
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Abstract: The external conditions such as confining pressures and loading rates have significant influences on the strength of
frozen saline soil. A series of conventional triaxial compression tests under different loading rates are carried out for Delingha
frozen saline sand at atemperature of -15°C with the confining pressures varying from 0.5 to 8 MPa. A strength criterion for
the frozen saline sand, including the influences of loading rates, is established by use of the generalized nonlinear strength
theory. Based on the conventional triaxiad compression test results, the strength function in p-q plane is well fitted by the
parabolic equation, and the relationship between loading rates and friction angles is andyzed. The strength function in p
plane derived from the modified Lade-Duncan model considering the influences of loading rates and hydrostatic pressures is
used. The proposed strength criterion can reflect the nonlinear strength characteristics of frozen sdine sand, including the
influences of change in the loading rates, pressure melting and i ce crushing.

Key words: loading rate; strength criterion; principal stress space; frozen saine sand
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Three-dimensional unified theoretical resear ches on ultimate horizontal
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Abstract: The researches on mechanical mechanism and bearing capacity of horizontal pullout of vertical square anchor plates
have the problem of artificialy distinguishing shallow and deep buried types without uniform definition standards. This study is
devoted to the researches on the three-dimensional unified theoretical solution of horizontal ultimate pullout capacity of a
vertical square anchor plate based on deep analysis of failure mechanism. The symmetry of failure mechanism varying with soil
properties and buried ratios in vertical and horizontd directions is reflected by the evolution of projected triangles of
rectangular pyramid soil core before the anchor plate to the vertical plane and horizontal plane, respectively. A three-
dimensiona unified mechanical model is established for the horizontal ultimate pullout of the vertical square anchor plate. The
ultimate mechanical equilibrium analysis method is used for different loaded bodies in turns to derive the three-dimensiona
unified theoretical solution. Comparison with other theoretical methods and test data indicates that the new model can reflect
the continuous variaion rules of the symmetry of failure mechanism very well in different ranges of depth ratio. The
three-dimensional unified theoretical solution has extensive applicability to the model test and field test data. The new solution
performs the best as its calculation result is more close to the measured value with smaller discreteness and the average is
generally safe. -
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Fig. 9 Variation of upper and lower angles with buried ratios
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1 2 .2
= 0.50 333
2 1 CuU 29.5 19.6 19.7 4 321.4
3 0.75 2 364.6
4 3 153.0
5 0.50 3 205.8 T M
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Fig. 10 Comparison between cal culated values and test results
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Water adsor ption characteristics and water retention model for
montmorillonite modified by ionic soil stabilizer

HUANG Wei', LIU Qing-bing®, XIANG Wei', ZHANG Yun-long', WANG Zhen-hua', DAO Minh Huan"
(1. Faculty of Engineering, China University of Geosciences, Wuhan 430074, China; 2. Three Gorges Research Center for Geo-hazard,

Ministry of Education, China University of Geosciences, Wuhan 430074, China)

Abstract: The natural montmorillonite is modified by the ionic soil stabilizer (ISS) with different concentrations and the
isothermal water vapor adsorption tests are conducted for both the raw and modified soils under the relative humidity (P/Pg)
ranging from 0.01 to 0.95. The evolution of the dominated factors in the process of hydration of montmorillonite is interpreted
by combining the analyses of variaion of dyy; with P/P,, water retention velocity curves and results of infrared spectroscopy
(IR). Findly, the boundary values of P/P, in hydration sequences are proposed, and the water retention equations are derived
through hydration energy of cations and surface of minerals, respectively. The results show that for the cal cium montmorillonite,
the exchangeable cations interact with water molecules to form monolayer of hydration shell at the range of 0<P/Py<0.15~0.2
firgly and then form bilayer a 0.15~0.2<P/Py<0.45~0.5, followed by hydration on basal surface of crystal layer a
0.45~0.5<P/P,<0.8~0.9 to form the integrated bilayer water film. The water retention capacity is dominated by the hydratability
of interlamellar cations merely at extremely high suction range (>200 MPa), and mainly influenced by the Van der Wads
force between basa surface and water molecules when suction is lower (15<y<200 MPa). At a certain suction range, 1SS
weakens the water retention capacity of montmorillonite by changing the specific physic-chemical parameters. The derived
water retention equations can accurately predict the test results and also provide a quantitative insight into the mechanism of
action by ISS.

Key words: ionic sail stabilizer; cation; basa surface of crysta layer; hydrati on mechanism; adsorption water; water retention model
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B KA KfeESC KGR Im
Li* 5 1 0.273
Na' 4 1 0.235
K* 3 1 0.273
ca® 12 2 0.239
Mg 12 2 0.205
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Elasto-plastic wor king states and seismic perfor mance levels of frame-type
subway under ground station with two layers and three spans
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(1. Ingtitute of Geotechnical Engineering, Nanjing Tech Universty, Nanjing 210009, Ching; 2. School of Civil Engineering & Mechanics,

Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: The seismic performance of subway underground station has not been understood enough. According to the rulesin
the seismic codes of China, different stiffness ratios of underground structure to the surrounding soil foundation are designed.
Considering the effects of the input earthquake waves, the elasto-plastic working states and seismic performance levels of a
frame-type subway underground station are studied. Firstly, it is proved that the limit interlayer displacement angles of the
subway underground gtation in the elastic or easto-plastic working states are smaler than those of ground reinforced concrete
frame gtructure. At the same time, the difference between the limit interlayer displacement angles of subway underground
station is dso smaller than that of ground reinforced concrete frame structure, which proves that the seismic performance of
subway underground station is worse than that of ground reinforced concrete frame structure. According to the relationships
among the interlayer displacement angles, the peak accelerations of the input ground motion and the stiffness ratios of structure
to the nearby soil foundation, some empirical formulas are given to calculate the interlayer displacement angles of subway
underground station. Findly, according to the relaionship between the earthquake damage states and the interlayer
displacement angles, the seismic performance of subway underground stations are divided into five level s and described.

Key words: subway underground station; stiffness retio of structure to soil foundation; seismic performance; elasto-plastic

working state; interlayer displacement angle
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Development of measuring system by pile-pressing method and experimental
study on adfreezing strength at interface between frozen soil and structure

SHI Quan-bin® 2, YANG Ping’, TAN Jin-zhong®, TANG Guo-yi®

(1. College of Civil Engineering, Nanjing Forestry University, Nanjing 210037, China; 2. School of Architectural Engineering, Taizhou

Polytechnical College, Taizhou 225300, China; 3. Jiangsu Nanjing Geological Engineering Surveying Ingtitute, Nanjing 210041, China)
Abstract: In order to study the influence factors and rules of adfreezing strength at the interface between frozen soil and
structure, according to the traditional definition of adfreezing strength at the interface, a measuring system for determining the
adfreezing strength by pile-pressing method is developed. Based on this system, a series of experimental studies on the
adfreezing strength at the interface are carried out under various influence factors. The experimenta results show that the
adfreezing strength at the interface between frozen soil and structure exhibits brittle failure and strain softening, and the residua
adfreezing strength is characterized by periodic fluctuation and decay. The adfreezing strength is significantly affected by the
temperature and roughness of the interface, and they are linear and logarithmic functions respectively in the test temperature
range. Using the micro-earth pressure sensor embedded a the side of the compression pile, the variation laws of the
compressive gress at the interface with the freezing time, shear displacement and distribution along the pile are reveaded, and
then they are compared with and verified by those of the interface temperature and adfreezing strength.
K ey word: adfreezing strength; pile-pressing method; measuring system; frozen soil; interface
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Fig. 2 Structural diagram and mechanics schematic of the
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Uniaxial compression tests on geosynthetic-encased stone columns with
different fills

CHEN Jian-feng", HUA Jia-jia’, FENG Shou-zhong®
(1. Department of Geotechnical Engineering, School of Civil Engineering, Tongji University, Shanghai 200092, China; 2. Wuhan Guangyi
Transportation Science and Technology Co., Ltd., Wuhan 430074, China)
Abstract: 15 samples of geosynthetic-encased stone columns (GESCs) with adimension of 300 mmx600 mm and degree of
compaction of 0.9 are made using three types of fills of crushed stone, pebble and sand and five different strength woven
sleeves made of polypropylene geotextiles. The uniaxial compression tests are performed on the samples to investigate the
characteristics of strength of GESCs. The results show that different failure modes happen to the GESC body with different fills
under uniaxia compression. The crushed stone can partly puncture the woven deeves to produce obvious holes and pebbleis
extruded to break the transverse polypropylene slices, while the longitudina slices are separated. The sand evenly breaks the
transverse slices with no obvious holes on deeves. The strength of the GESC body has a positive relationship with the strength
of the sleeves and the fills. The stress-strain curve of GESC body at preliminary loading stage is mildly concave down due to
the initial dengfication, then increases linearly up to the peak stress, and subsequently decreases, showing strain-softening
characteristics. Based on the present data and those of uniaxial and triaxid compression tests carried out by the authors before,
the theoretical formulafor the strength of the GESC body is amended, and the results of the modified formulas are proved to be
in good agreement with the experimenta ones.
K ey wor ds: geosynthetic-encased stone column; uniaxia compression tet; stress-strain curve; strength of GESC; fill
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Table 1 Mechanical properties of woven textiles
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Table 2 Physical and mechanical properties of fills
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Numerical study on effects of confining stress on rock fragmentation by
TBM cutters

ZHAI Shu-fang®, CAO Shi-hao', ZHOU Xiao-ping?, Bl Jing”
(1. College of Civil Engineering and Architecture, Henan University of Technology, Zhengzhou 450000, China; 2. Department of Civil

Engineering, Chongging University, Chongging 400045, China)

Abstract: A novel meshless numerical method known as generd particle dynamics (GPD) is used to study the effects of
confining stresses on rock fragmentation by TBM cutters. The processes and modes of rock fragmentation and the diggability
by TBM cutters under confining pressures of 0, 5, 10, 15 and 20 MPa are studied. The following results are obtained: (1) The
confining stress is adverse to the propagation of the central cracks during the process of rock fragmentation. (2) With the
increasing confining stress, the propagation direction of the Hertz cracks between two cutters changes, and the angle of cracks
decresses. (3) Under the same penetration, the crack initiation forces and the diggability index significantly increase with the
increasing confining stress. Moreover, the GPD method isintroduced to the tunnelsin the Jinping II Hydropower Station, and
the influcnces of high geostress on rock fragmentation are analyzed and plate cracking is discovered. The analysis results show
that if the plate cracking is caused by high geostress, the geostress promotes the rock fragmentation by TBM cutters.

Key words: genera particle dynamics; confining stress; rock fragmentation; plate cracking; TBM
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5 35 291.7 45 107.1 53 73.6 59 57.8
10 37 308.3 48 114.3 56 77.8 62 60.8
15 40 333.3 50 119 58 80.6 64 62.7
20 50 416.7 62 147.6 72 100 80 78.4
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Rheological tests and model for submarine mud flowsin South China
Sea under low temper atures

GUO Xing-sen', NIAN Ting-kai" #* FAN Ning', JJAO Hou-hin', JIA Yong-gang®
(1. State Key Laboratory of Coastal and Offshore Engineering, Daian University of Technology, Dalian 116024, Ching; 2. Sate Key Laboratory
for Geomechanics and Deep Underground Engineering, China University of Mining and Technol ogy, Xuzhou 221008, China; 3. Shandong
Provincial Key Laboratory of Marine Environment and Geological Engineering, Ocean University of China, Qingdao 266100, China)

Abstract: The submarine mud flow, a fluidized landdide mass devel oped from the unstable submarine dope, is easy to cause a
serious damage to the offshore engineering facilities. At present, there are rarely researches to discuss the rheological properties
of thismud flow, particularly lacking of its characterigtic studies considering the low temperatures around the seafloor. For this
purpose, the mud flow is prepared by using undisturbed soft clay samped from the South China Sea, and many rheological tests
under different temperatures and water contents are conducted by the RST rheometer. Then, the Herschel-Bulkley model is
introduced to analyze the rheological parameters, and the integrated rheological model for the submarine mud flow is proposed.
Further, the rheological characteristics and mechanisms of the submarine mud flow are analyzed by the phase transformation,
the Brownian motion and the interparticle interaction. The research results show that the shear stress and apparent viscosity of
the mud flow under the low temperatures significantly increase as compared with those under the room temperature, and this
change percentage will further rise with the increase of the shear strain rate, and the average value of the change is more than
35%. This study may provide a scientific basis for the numerical smulation of submarine mud flows and the prediction of
landslide hazards.
Key wor ds: South China Sea; submarine mud flow; low temperature rheological test; integrated rheological model; rheological
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Fig. 2 SEM images of undisturbed samples
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Fig. 3 Rheological tests
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Abstract: The gravel soil in Nanning metro area is taken as the research object, and a series of large-scale drained dynamic
triaxia tests are conducted on saturated gravel. The effects of the rative density, dynamic stress amplitude and number of

loading cycles on the accumulation strain, stress-strain hysteresis loops and pore pressure of saturated round gravel are analyzed.

The experimental results show that when the dynamic stress amplitudes are smdl, the curves of accumulated axid strain with
number of loading cycles are stable with the increasing rule of hyperbolic function. A linear relation between the parameter a.in
the hyperbolic function and the relative density D, is found. However, the curves exhibit failure type and the increasing rule
conforms to power function under alarge dynamic stress amplitude. The stress-strain hysteresis loops of saturated round gravel
exhibit double-lined type. When the dynamic stress amplitude is small, with the increasing number of loading cycles, the area of
hysteresis loops firstly increases and then decreases, the secant modulus firstly decreases and then increases, and the pore
pressure firstly increases and then decreases. In the later period of cyclic loading, the pore pressure is high when D,=0.5 in
comparison to the situation D,=0.3 or 0.7, and this result relates to the gravel breaking characteristics at different initid relative
densities.

Key words: saturated gravel; large-scale dynamic triaxid test;
dynamic characteristic; relative density
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Table 1 Schemes of drained dynamic triaxial tests

g I s )

gigl  sg/kPa ) D% s, /kPa
D1 200 30 50, 100, 200
b2 200 50 50, 100, 200

D3 200 70 50, 100, 200

2 sHMAERT BZRHEN T 2

B 4 g3k SRR ) AR e Bifl S 3R B IR N, 1A
2.t 4 v RTES) N IR NN (s g mis g, )
3000 YK Bl EL AR RN 5 AR L SR ) AR e FEARTR
S, SRR VAR e HIRANIRE N G & Mgk B Ade 8
IR MM IEERK (540 B, S
B AR SRR, e - N JE &R ik IR AR I &
R BN RGO, SR AR e BN,

A SN MRAEVE R R, AR sk 3R B
) I AR i 5 A G A o) 585 S R 38 i SR e, ke
DL, 0T bk R ) R b AR FH e PR R SR A5 % R it g
e AR B S, RS RN B 7 Y R B
Uik,

W 5 PR, 3 DB e BFNR IR 2L Py Felr 23 AR A
N e - PRIk N MZdATIIE, IV [ AR 1K
WA TEAE BN N IR BN P A XU E A X, 1Bl

I A Monismith 25198 Hh Fl b KR s
R SRR |- AR HK AT et
KL

8.0 —=-D,=0.3, 5,,=50 kPa
| —e—D,=0.3, 04,=100 kPa
—4—D,=0.3, 0,,=200 kPa

6.0 —=—D,=0.5, 64;=50 kPa
—e—D,=0.5, 5,,=100 kPa
501 4 D,=0.5, 54;=200 kPa

40F— —D,=0.7, Gd1=50 kPa
——D,=0.7, 5,,=100 kPa
3.0 - ——D,=0.7, 6,,=200 kPa

RPN A /%

1 il 1 1 1 |
0 1000 2000 3000 4000 5000 6000
ARSIV, K

4¢-NXKHMZ
Fig. 4 € - Nrelationship

.5 s HER

peliiE e
£=0.7085N/(59.921+N)

ES

Z B B /%
© o o o ©
N w

[

1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
WK BNIK
(a) D,=0.3, 64,=50 kPa

n HEBK
— BRRBAS
e=1.287N/0.435

10 20 30 40 50 60
TSR BNR
(b) D,=0.3, =200 kPa
5 #A .- NHlEHL
Fig. 5 Representative curves of ¢ -N relationship
L it e ANk ok HH e Ul 5 A 30
e=aN/(N+b) , D
e=AN" %)
L e W RPN NAL: N ARSI, &)
Iy IR E FIINRSIRECH 01k a, b AXUhEZ
o, SHIRE S, ShNY IR(EAE R R A b
IR &S
% B2 Zma s s, 5%+ 100, 200
kPa i % ) £ Fl T fR R JF AR AT IR IR & TT 4R A2 T2
1, e e E RN AL ey, 4 T P2 4ndk
7 AL BRSNS B2 — S8 o b S iR, 2%
Erlingsson %19, Tang %5871, 1% %5

RN e %
T R Y S -

<



O bup,

S5 T R DX AT R - O Rl T 171

I 7 EURRY B AR B E N B 2 v] WA
AN TR 2k 3000 VR 77 AR 1 Bl N AR A 24 T
TERBCR BN TIRAE N NIk, BN i
AN R B = A (R AR, R R BN N 3 AR T (1)K
S5 RS o
Fz2 ¢ -NHUELKENTEE
Table 2 Fitting fomulas of ¢ - N and calcul ated val ues of N*®

Ay F e
(.o st o M
(0.3, 50) e=0.709N/(N +59.922) 0 0
(0.3, 100) e=2.223N/(N +29.693) 0.70 14
(0.3, 200) e=1.287N°%** 2.26 4
(0.5, 50) e=0.450N/(N +74.400) 0 0
(0.5, 100) e=1574N/(N +31.130) 0.51 15
(05, 200) e=1.168N**® 1.63 3
(0.7, 50) e=0.176N/(N +316.290) 0 0
(0.7, 100) e=1.005N/(N +71.650) 0.20 16
(0.7, 200) e=0.731N%*® 1.09 2

R 2 %R e 22 XHEAT 734, b iR Dy 3K
MG, AR FNAIA (D h2fa b

D 2R R, WK 6 Pror. s K, Z%a 1
ji’ b /e
25¢
—a— 0y, =50 kPa
2~0‘_ —e—4,=100 kPa
=
P
K
=§ 10}
0.5 \
«=1.11-1.33D,

0
0.3 04 0.5 0.6 0.7
AL BED,

6 a 5D xA&A
Fig. 6 a -D; relationship

X 2 0T R ECA ST 04T, IR B AR
11 b {4 0.399~0.463, B FH X %5 SR () 48 hn 2
SENEEROR IS T L G T A
gk AR E A R (2) i b 2z 2k
s sz, HAREYEE) 0.06~0.34, AT WA 1
KA A X Sk —E xR, HTEEL
FERBPERFST o

3 ENAERTRZA - i E E S
9 T S USR5 R A3 97 Wi

ITEIvE SHE N E AT e e

P BFE] 7 5% HEA =Bl o 153 57 A [ it

% e Bl CE RGN L 17 0 ) AR SRR [ A2 2
HAEA BN W (N AR R . fEShN
TRAEB NS, WK 7 (. (b) iR, Jiflal
(SRR 5 SR W5 22 IE RN R 5 e DRy TR i
/I, R B YR E 2000 PCRT 3000 Y F s ] L3 - A
BN IR, Wk 7 (o) B, ol Elki s
PRI I e AR, SEEAE R, WURMRR IR,
LA 0] Bl T 3 g (R IR A, R AERR
NN NVET Bk TR AR T8N T .

M7 34 RTINS B
N AR R BGRB8 S EE PR 19 o

W, A BB 2 A S R, PR
e W E BB Z07 ) TR
60
40 H—D,=03
« — D,=0.5
g2 2 D,=0.7
e o A
R FEREARIK
=) RFERNKEK
g 20 N=1, 10, 100
‘ 1000, 2000
=40 3000
-60 1 | | |
Y 0.2 0.4 0.6 0.8
BRI AE /%
(a) 64,=50kPa
100 -
I ﬁ ——D,=0.3
50 j | / 4 —— D,=0.5
£ D,=0.7
e ‘ A
S0 | AR
5 r / At ooK
= N=1, 10, 100
® 50 / / 1000, 2000
3000
-100 1 1 ]

0 0.5 1.0 1.5 2.0 2.5
A el%
(b) 0,,=100 kPa

—eo— D =03
—a— D =0.5
—— D.=0.7

HIREBUE A ﬁlak’rﬁi
WHEN=1, 10,

200
150
100

w
[=}
T T T 1

I
h
(=1

B H 0y /kPa

L
[=3
=]

-150
=200
0

AR e/%
(e) 64;=200 kPa
7 BRI
Fig. 7 Evolution of hysteresisloops
oA T S HERS O AT ] R TS AR A A, SR
N ) AR 0] R A s St THA LRI BT R B, W
Kl 8 Fior e AR5 W RN K 52 30 8 A R R i



172 A=+ T

o2 R 2019 4F

[l P K 2 D XUH 2

—=—0,=100 kPa, D,=0.5, N=1000
100 - X=1.529, ¥=97.582

sol- X=1.457, Y=—7.282
o

=

ﬁ

g Or

E X=1.452, Y58.739 X=1.528, ¥=2.913
fé 50

-100 X=1.453, ¥Y=-99.039

1.44 1.46 1.48 1.50 1.52 1.54
BRI /%

8 F&IREE
Fig. 8 Schematic illustration of secant modulus
THEAG B RS EC Ry - AR i ] ] )
M E IRl K 2 PronfE R sl N N BT
EIE, 73 AN GIR 1 g - AR o] ] 1 2 s B
BN E N A th Zean & 9 o, Hrh 3l g2k 50

1200

—a— D =0.3
1100 |
1000 -
&
£ og00f
=]
i 800 |
% 700 |-
® 600
500
400 1 1 1 1 1 J
0 500 1000 1500 2000 2500 3000
PSR BNAK

(a) 64,=50 kPa

700 —=—p =03
—— D =05
——D =07

600 -

500

400 -

300

200

I 73 A i [ P | 24 B E/MPa

100

1 1 1 1 1 ]
0 500 1000 1500 2000 2500 3000

WBIRBNVAR
(b) 64,=100 kPa
15 —a—D.=0.3
14+ —o—D =05
13- ——D =07

12
11
10 -

SN

5 1 1 1 1 1 1 1 1 1 J
10 20 30 40 50 60 70 80 90 100 110
WENRBNR
(¢) 64,=200 kPa

B9 E- NX&Rph
Fig. 9 E - Nrelation curves

BB E/MPa
K=l

N~

kPa, D;=0.5 5 0.7 I iy ialAir o] el JE AR AR AR, 6
VRO BT AR, 3K DR R B I8 ) /N T AFDO) 5 S B A
KIFIRFEAR TN, I O AR A3 2 DA IR (1) 22 T
SRAG, iy [l | AT SR U T . WO D=0.3 1Y )
= AR ] i 2 B LA AT AT

HIE 9 (). (b) AIWLAY ) — R AR ] el ) 1 26
Bife E B IR N P38 nsem Nk, B9 (o) ik
P52 BRI N VR - B IR IR IR, RS 1T
AR R e i B B RS INis /s o

A3 2 ] 9(b) SR 48 s 1) D=0.3,
0.7 PAFME DL T R Bi B o Hah HW 2 KT D=0.5
[ FI LA

4 HFLER

YRR 5 - I B LR u B 30 ) /N R S8
SEILF R WA 10 JroR AES N BN R,
) FL s BB A 9 3 I B BN AE W R ETHR)E TR
B, AT, KRR RSP LA BT 52 2
J1FBUT FLBUKE T S8, (FORDR B AEHEKR &4
REARTRHE B/ FLBRAK, BT IR InZs HIALEUK
FE I L. TIAES) Y IR ER RIS DL, FLBRZK
HE R LT B AR 22 K, L SR K E)
L R IRREE, R TAHIKE) 3R % .

MIE 10 BRI H, M50 N ) IEEE F3 KR, )
FUH VAP 2 5300 o (AR R R AEAR A N 25 1] 1
AL FEATE E,  MIAES) N ) IR 44 W46
AHR 2 52 D=0.5 [Pl FE A e fLk b D=0.3, 0.7 ]
RFEFLRE S, WK 10 (. (b)) Fizn. X540k 1
KB AT B 2= 5.

RS % -5 30 1 F R RS I IR AL B A X6
S (135 0 S LS I PN R AR B, TR
PRI FL T B 5 1] 45 P PR m el NS 7 7 2
SRR IR SRR - PR BOR A R A S o IR R
IR FH % BE 1) DU b A T — K BY DR a0l 30 5
B AR ALK 28 P 1A 18 o 2 S 8 K T N Rk 34 e
SH AT LA AR5 B w2 A A AT A o) 3 S
HR S 7 A T AR R (RO AR R, A 4D R A o) 1
T SFHEAKR T 1 BT RIS FEROR, A ALBR
KIE sk, B 10 (a). (b) sl T
WP AR TR 9 (@), (b) Fipiily - NAg
i [ S e A Sl ik N P KT I S . RN ) AR 11
ZAEN, IRBIVIIFLE T S B RN 198, B
B2 98/ Ja AL R RSB Y 8, A bl
Z3m.



513

Sy b, AE. R T VR DO N B 5 R — Bl AT T 173

—D,=0.3
---D,=0.5
——D,=0.7

1
0 500 1000 1500 2000 2500 3000
FRBIUENIK

(a) 64,=50 kPa

120 —D,=03
<
[-w
3
R
|
P
&%
=
1 1 1 1 1 ]
0 500 1000 1500 2000 2500 3000
FEEHRK BN
(b) 64,=100 kPa
180 N 2 SIS 2 S
160 | / ===
o 1404 —D,=03
< 120 ---D,=0.5
R 100 f —=De=07
|
K% 80
& 60
Fe
40 ¢
20[
1 1 1 1 1 ]
0 20 40 60 80 100 120
PR BNIR
(e) 644=200 kPa
10 u- NXFhsk
Fig. 10 u - N relation curves
+ A\
5 2|:| TE

3 3 X AN TR R 5 S5 P PR 7 A AT TR iR = 247K
RHER B = 5A%e, JF A 7RSS SERE S BN
PR UK K ZN AR T L 1N 1 A 1] Pl A L
FEFIEEm, A3 TR 4 m4hie.

CLOPL R[55SR AP g 92 3 AR X s 5 2 1K)
KIugs,  BEENN T R T K

(2) BN IR AN, RN G - S ARl 1) Y
AR B PRIAFE M Ze R RIF IR ZIBRIRGE, JF AR
S o SN E SRR, BN I IRAEEL
PNV CE IS S Y 2E S VA ST 2V S RERT T EES
FIFETHIR, S8 b R S gkt AW B 5

(YU AN B - PR T — i s [ el v AR Bt o e
BN UKL IS o) g = R A ] ] i £k
R B IR Bl OB R B n SN e B K

CAD VR 5 1 P9 L s i 5 40 50 Tk 5 49 m 4
PR, e TRE: B/MASIN S EE A
RBR RS RS, AR % SR D=0.5 Il
JELE D=0.3, 0.7 BFEEK, IX AN [R)AH ;2 52 g 4 A
ORRL L R R AT G

SE LAk

[1] ZEwery. 20 haly - TR AR R[], i+ TRE#4R, 2000,
22(2): 238 - 242. (GONG Xiao-nan. Prospects for the
development of geotechnical engineering in the 2ith
century[J]. Chinese Journal of Geotechnical Engineering,
2000, 22(2): 238 - 242. (in Chinese))

[2] BO%An, Peir, FHRT, & LREEARE AR RS
PR HAS[T]. EARTRE2AR, 2016, 49(7): 9 - 35. (HUANG
Mao-song, YAO Yang-ping, YIN Zhen-yu, et al. An overview
on elementary mechanical behaviors, constitutive modeling
and failure criterion of soils[J]. China Civil Engineering
Journal, 2016, 49(7): 9 - 35. (in Chinese))

[38] % M, M M, SIER, 5 DURE) ) AR TR T
[J. &L, 2009, 31(12): 1920 - 1924. (LING Hua,
FU Hua, CAl Zhengyin, et a. Experimenta study on
dynamic deformation behaviors of dam materialg[J]. Chinese
Journal of Geotechnicd Engineering, 2009, 31(12): 1920 -
1924. (in Chinese))

[4] TKARAR, AETE GEIR B AE T AR RORL A ey 1K
BT, &+ TR, 2017, 39(8): 1510 - 1516.
(ZHANG Zhen-dong, LI Guo-ying. Experimenta study on
paticle breakage behaviors of rockfill under cyclic
loadings[J]. Chinese Journal of Geotechnical Engineering,
2017, 39(8): 1510 - 1516. (in Chinese))

(5] 7k H, wmEM, Attt B R IR iR gR s,
=1 Ji%, 2006, 27(1): 35 - 40. (ZHANG Chao, YANG
Chun-he, BAI Shi-wei. Experimental study on dynamic
characteritics of tailings material[J]. Rock and Soail
Mechanics, 2006, 27(1): 35 - 40. (in Chinese))

[6] SUN Q D, INDRARATNA B, NIMBALKAR S. Effect of
cyclic loading frequency on the permanent deformation and
degradation of railway ballast[J]. Géotechnique, 2014, 64(9):
746 - 751.

[7] INDRARATNA B, LACKENBY J, CHRISTIEL D. Effect of
confining pressure on the degradation of balast under cyclic
loading[J]. Géotechnique, 2005, 55(4): 325 - 328.

[8] TANG L, YAN M H, LING X Z, et a. Dynamic behaviors of

rallway’s base course materials subjected to long-term



174

# - T &

2R 2019 4F

[9] %

[10]

[11]

[12]

[13]

low-level cyclic loading: experimental study and empirical
model[J]. Géotechnique, 2016, 67(6): 1 - 9.

RRH, FSOR, Felnda, 55 SRk ERDR L IURL ) gy
M BBVZTE T[], 4+ )1, 2016, 37(3): 728 - 736.
(LENG Wu-ming, ZHOU Wen-quan, NIE Ru-song, et al.
Analysis of dynamic characteristics and accumulative
deformation of coarse-grained soil filling of heavy-haul
railway[J]. Rock and Soil Mechanics, 2016, 37(3): 728 - 736.
(in Chinese))

FETFING, HERE, &, [ARR T KB = RIS ) etk
WFFE[J]. 1 F 25 (] 5 T RE 244, 2014, 10(3): 580 - 585.
(TANG Kai-shun, XIE Xiong-yao, YANG Lei. Research on
mechanical characteristics of gravel soil based on large-scale
triaxial tests[J]. Chinese Journal of Underground Space and
Engineering, 2014, 10(3): 580 - 585. (in Chinese))

skooali, B, RICT, S [EGN ) R AR R
B LI R A IR R W [J]. A TR 2441, 2006, 28(1):
101 - 105. (ZHANG Ru, HE Chang-rong, FEI Wen-ping, et
al. Effect of consolidation stress ratio on dynamic strength
and dynamic pore water pressure of soil[J]. Chinese Journa
of Geotechnical Engineering, 2006, 28(1): 101 - 105. (in
Chinese))

gk, FEAEE, R, . HWERIRB T AR R
i VBV R s 50 0w ST [D). R TERE A4, 2007,
40(2): 85 - 88. (ZHANG Xi, TANG Yi-qun, ZHOU Nianging,
et a. Dynamic response of saturated soft clay around a
subway tunnel under vibration load[J]. Chinese Journal of
Geotechnical Engineering, 2007, 40(2): 85 - 88. (in
Chinese))

INDRARATNA B, NIMBALKAR S, RUJKIATKAMJORN
C. From theory to practicein track geomechanics- Australian
perspective  for

synthetic inclusong[J]. Transportation

[14]

[19]

[16]

[17]

[18]

[19]

Geotechnics, 2014, 1(4): 171 - 187.

MONISMITH C L, OGAWA N, FREEME C R. Permanent
deformation characteristics of subgrade soils due to repeated
loading[J]. Transportation Research Record, 1975: 1 - 17.
JESCRL, VATLRH, S5AEEL, S5 PREMECVE N B SRR
BRI S5 N ) R R B TR AT [T]. Bk AR
2014, 36(12): 84 - 89. (ZHOU Wen-quan, LENG Wu-ming,
CAl De-gou, et al. Analysis on characteristics of critical
dynamic stress and accumulative deformation of coarse
grained soil subgrade filling under cyclic loading[J]. Journa
of the China Railway Society, 2014, 36(12): 84 - 89. (in
Chinese))

ERLINGSSON S, RAHMAN M. Evaluation of permanent
deformation characteristics of unbound granular materia
using multi-stage cyclic-load triaxial tests[J]. Journal of the
Transportation Research Board, 2014(1): 178 - 195.

LI D, SELIG E T. Cumulative plagtic deformation for
fine-grained subgrade soils[J]. Journal of Geotechnical
Engineering. 1996, 122(12): 1006 - 1013.

TR, ok U, BUENL, SR HEKAHEREAS [ ] 5 R R
T BRI AT T[] b RREAR, 2015, 37(5):
893 - 899. (DING Zhi, ZHANG Tao, WEI Xin-jiang, et al.
Experimenta study on effect of different drainage conditions
on dynamic characteristics of soft clay under different degree
of consolidation[J]. Chinese Journa of Geotechnical
Engineering, 2015, 37(5): 893 - 899. (in Chinese))

M, FLAH, B . TR R & 1) DL Se A Rk
WEAERE R IR ). A TR, 2014, 36(6): 1152 - 1159.
(TIAN Hai, KONG Lingwei, ZHAO Chong, e al.
Characterization of partical breakage with grading entropy on
shell sand[J]. Chinese Journal of Geotechnica Engineering,
2014, 36(6): 1152 - 1159. (in Chinese))



H41% H1W = + I B % Vol.41 No.1
2019 4F 1H Chinese Journal of Geotechnical Engineering Jan. 2019

DOI: 10.11779/CJGE201901020

SKET W TELEE L hAEBERRBHRS
itk R

XHE" §REm, kK", KEE®

(1. R EARTRESR, WM Kb 410075; 2. KPFL TS ABIEY HRE R TR =, W K¥ 410114)

OB B AR Me BT RIAE I AV R S B, I8 W KA MM B . DL
LT BRI G, BT 6 AR KR 3 FORFESEM0WREE, RANELEEIR TR AR T 105 ),
I = HARBHT T Ak, TRSLE L RIS R A AR (05 . RIS MeBESEE [
FRHUB XTI, BEDIR A AR R M A Sk SBINEAE , L 2Kk A A.B%0, I 21
T Me WL 50%, BHRI AR SRR Me (BB KA RIS s Me B SRR R A R 5
VEGLEHISE, TR IFIRE 1) Me BRI ) AR A5, TSI ASE RIS, 7 T 408 % 18 2 KA AT
SN R S B M BRI, LA SR SRR S 6 T B AIE I, JEJET 13 Fh BRIk B 4 gt 7
TR SR 2 I Y R

LR BRI B SR BUSBUE, AT

FESES: TU471 XHERFRINAD: A N EHES: 1000 - 4548(2019)01 - 0175 - 09
EE I XI4EE(1982- ), U3, WIFGARBHA, 181, mIBd%, MWFHRRpk LA e S50 s T a9 TAE . E-mail:
liuwz2011@csu.edu.cn.

Experimental study and prediction model of dynamic resilient modulus of
compacted subgrade soils subjected to moisture variation
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(1. School of Civil Engineering, Central South Universty, Changsha 410075, China; 2. National Engineering Laboratory of Highway

Maintenance Technology, Changsha University of Science & Technol ogy, Changsha 410114, China)
Abstract: The dynamic resilient modulus (Mg) of subgrade soilsis the key parameter used in pavement design and performance
evaluation, and is significantly affected by variation of moisture content during operation. The compacted lateritic soil is used,
and the test specimens are prepared using six different moisture contents and three degrees of compaction. The repeated |oading
triaxia tests are conducted to investigate the effects of moisture content, degree of compaction, dynamic deviator stress and
confining pressure on dynamic resilient modulus, and the soil suctions of different specimens are measured using the contact
filter paper method right after cyclic loading tests. The test results indicate that Mg increases with the increasing confining
pressure and degree of compaction, and decreases nonlinearly with the increasing dynamic deviator stress. The values of Mg
decrease greatly with the increasing moisture content, as moisture content increases by 4.5% from the optimum moisture
content, they decrease to about 50% of the initial values, and the influences of dynamic deviator stress and compactness on Mg
decrease with the increasing moisture content. In addition, the relationships for both Mg — moisture content and Mg — degree of
saturation are highly soil type-dependent, while the variation of Mg with soil suction is similar for different soils. Thus by
incorporating the soil suction into confining stress, a new prediction model for the resilient modulus taking into account both
the stress state and the moisture content is proposed. The suitability of the proposed modd is validated through the experimental
data from this study and the exigting literatures. Then the empirical relationships between model parameters and physical
properties of soils are developed based on the statistical regresson anadysis performed on 13 different soils, and a good
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This study may provide a smple and reliable method for IiS HEA: 2018 - 01- 21

*WIRMEE (E-mail: yaoyongsheng23@163.com)

agreement between the measured and predicted values of Mg
obtained using the regresson model parameters is found.
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determining the reasonabl e resilient modulus of compacted subgrade soilsin pavement structure design.

Key words: dynamic resilient modul us; subgrade soil; matric suction; prediction model; regression anaysis
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Table 2 Fitting parameters of SWCC of compacted lateritic clay
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Table 3 Representative Mg with different degrees of compaction
and moisture contents

SEREE S AR
o e Mk kR m
155 18784 017 -263 0389 1280
17.0 14959 031 -256 094 97.8
87 185 12217 029 -253 0.98 80.2
20.0 12203 030 -259 0.99 729
215 8923 037 -236 0.99 58.9
23.0 6585 036 -225 0.99 43.3
155 1950.7 024 -160 0.89 1479
17.0 16485 029 -227 092 1123
185 12866 0.23 -1.84 0.85 94.2
% 20.0 11189 022 -1.76 0.92 835
215 10590 0.34 -2.08 0.89 724
23.0 7674 033 -216 0.99 524
155 22307 019 -135 097 1786
17.0 19498 019 -2.03 099 1421
93 185 1600.2 021 -214 099 1142
20.0 13682 020 -1.82 098 1028
215 11397 015 -1.83 0.99 86.7
23.0 8542 027 -205 0.99 62.9
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Fig. 4 Variation of Mg With moisture content
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Table 4 Physical properties of different soil samples used in model regression analysis

G TFELRR Gs W/% W% lp W% Tamad(gom®  Sand% Silt/% Clay/% 5 kis
# IHT 272 355 165 190 155 1.884 28.0 42.0 30.0 HR[20]
#2 TSC 268 196 136 60 135 1.954 3.0 81.0 16.0
3 oLC 275 480 220 260 230 1.649 20.0 48.0 32.0
4 KLC 271 31.0 210 100 203 1.664 15.0 60.0 250  3#k[29]
5 sLC 274 325 185 140 182 2.002 10.0 70.0 20.0
6 TLC 269 250 130 120 122 1.806 31.0 500  19.0
#7 P-7 267 31.0 240 70 170 1.735 35.0 52.0 13.0
“8 P-17 265 380 21.0 170 16.0 1.765 19.0 63.0 18.0 i)
#9 P-26 271 440 180 260 220 1.612 4.0 61.0 35.0
“10 P-53 266 880 350 530 350 1.255 2.0 13.0 84.0
11 A-4 — 278 198 80 142 1.847 43.7 40.0 16.3 ST
#12 A-6 — 308 184 123 165 1.842 31.2 55.0 13.8
#13 RLF-103% 269 420 180 240 220 1.612 8.9 63.8 27.3
#14 MnRd-103% 266 260 170 90 16.0 1.806 36.2 453 14.5
#15 MnRd-98% 266 260 170 90 16.0 1.806 36.2 45.3 14.5 SCHR[33]
“16 RW-98% 269 280 170 110 135 1.827 11.9 82.4 5.7
17 TH23-98% 275 850 330 520 275 1.469 36 21.2 75.2
18 RMREEt+-96% 264 275 165 11.0 136 1.980 14.0 76.0 10.0 R34
19  RKMREEt+-91% 264 275 165 110 136 1.980 14.0 76.0 10.0
#20 2155 1-87% 272 708 352 356 185 1.720 23.9 335 42.6
21 213 +-90% 272 708 352 356 185 1.720 23.9 335 426  AICAE
#22 2155 1-93% 272 708 352 356 185 1.720 23.9 335 42.6

H: Sand/%. Silt/%F1 Clay/%7) il 15ki4% K+ 0.075 mm, 0.005~0.075 mm A1/~-F 0.005 mm ) itk 7 B .
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BIKE, EIKFARAE FEARN R, I EASCAFE L
13 FhIARE F R B S S W MR R K R, P11~
19 AR PR BOIE T HEAE Y K B 4 (K A o
XF T AR R AEAS [F) B 7K AN ) KT R R —
ESHOMATIA, 3£ 50 13 FkFE 27K H Liang 45
R TVRIA SCRS IR AT T (0980 & S50 e i, 2
ML) 3ANEIHZE kay ks ke AL FBEA—E,
Hrp kg BIRT 0, 5 AR PR G: kedY
N IEAE, BRHE L Mg Bt A B g AL J IR g 19 DK K
R IERFE: ke BIOW R, 3 L BE B i B ) 48
KIgy, R ACR I HEAMEEXS 13 FHlhE, A
SCRSR LA R % ROAB KN 0.61~0.96, TH1k
0.86 (W1l 6 i), T Liang AL L& R4
fE 0.69, ALIEEEAR T Liang S0, FREHA S A
LK) Mg TSR0 T AN 7] L BT B 1Rd 1
5 FRBEPBIESHXTLL
Table 5 Comparison of fitting parameters from different prediction
models
+FF SCHR[7] AR
5i'7 ki ks ke R ki ks k R
#1 1465 4.489 -7.324 0.97 1915 2.498 -4.082 0.96
*2 3878 0.513 -0.373 0.62 380.1 0.550 -0.409 0.71
#3 1811 1.856 -2.742 0.71 1920 1.128 -1.704 0.92
#4 2240 0984 -0.503 0.29 1758 1.330 -0.735 0.61
5 3023 1.372 -1.249 0.26 1785 1.430 -0.731 0.84
“6  702.9 0.891 -2.403 0.43 5784 0.912 -2.228 0.89
#7 1552 1.384 -1.186 0.71 1654 1.027 -0.679 0.88
“8 199 2166 -1.624 092 38.6 1.705 -1.386 0.94
“9 1582 1.185 -1.422 0.80 1725 0.891 -1.044 0.86
#10 317.9 0.736 -1.455 0.83 3818 0.357 -1.023 0.81
#20 4557 1.374 -3.314 0.75 4429 1.181 -2.986 0.93
#21 4280 1.290 -2.477 0.84 4708 1.114 -2.271 0.91
#22 4455 1.249 -2.351 0.89 534.9 0.987 -2.083 0.94
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Fig. 6 Comparison of fitting parameters from different prediction
models
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RUH:
Ink, =2.531+0.1081 , - 0.039w - i
0.016Clay% + 2.008r , 1'
k; =0.653- 0.017P,,s +1.054r, , y (10)
ks = - 3.838+0.04P, - 17.662A1 +]
0.112w, - 0.786r, . b

L, B ks (0] R BT ACAE, ka 1 kg
e REI R, RIS E S D fa b 2 74
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% 6 AMNERSHE TR SEMEEINTER
Table 6 Results of stepwise and multiple regression anayses for

proposed model parameters

P FRE WE bRt P R

R 2.531 2207 1147 0.289
Ip 0.108 0.027 3.961 0.005
Ink, W -0.039 0.016 -2520 0.040 0.78
Clay% -0.016 0.008 -2.024 0.083
2.008 1130 1778 0.119

Mg
R 0653 0551 0421 0.183

ks Poors -0.017 0.009 -1.830 0.097 0.58
Mg 1.054 0717 1471 04172

R -3838 3119 -1.231 0.253
Po.ors 0.040 0.017 2410 0.043

ks Al -17.662 4583 -3.854 0.005 0.83
W 0.112 0.037 2992 0.017
rq -0.786 0.369 -0.620 0.155
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I nstallation of suction caissons and for mation of soil plug considering
variation of permeability of sand

WANG Yin, ZHU Xing-yun, YANG Qing
(State Key Laboratory of Coastal and Off shore Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: During the ingtallation of suction caissons, there exists the phenomenon of soil plug inside the anchor, which will
hinder the further penetration of the anchor. This phenomenon hinders the instdlation to reach the predetermined depth,
resulting in a grest reduction in bearing capacity. In this study, a series of tests under 1g are carried out to analyze the formation
mechanism of soil plug. The negative pressure installation of an anchor model is conducted in sand, and the whole process is
recorded by a high-resolution camera. The pore pressure transducers are used to measure the internal and externa pore
pressures. During the penetration, the fine sand particles move upwards and reach the top surface due to upward seepage flow
within the sand inside the anchor. With the increase of the penetration depth, the height of the soil plug increases progressively.
It is found that the soil plug is caused by the swelling of the soil inside the suction anchor, and the permeability coefficient
increases due to the swelling of the inside sand. The variation of the permeability coefficient in the process of penetration is
investigated, and it is used to improve the Houlsby & Byrne’s model. The modified model can accurately predict the suction in
the penetration process and provide atheoretical basis for the design and construction of suction caissons.
K ey words: suction anchor; suction pressure; soil plug; permeability coefficient; seepage
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