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Evaluation method for resilience of shield tunnel linings considering
multiple disturbances and its application

LIN Xing-tao'*?, CHEN Xiang-sheng" >3, SU Dong" %7, ZHU Min'-*? HAN Kai-hang" %3, CHEN Ren-peng*
(1. College of Civil and Transportation Engineering, Shenzhen University, Shenzhen 518061, China; 2. Key Laboratory for Resilient

Infrastructures of Coastal Cities (Shenzhen University), MOE, Shenzhen 518061, China; 3. Shenzhen Key Laboratory of Green, Efficient
and Intelligent Construction of Underground Metro Station, Shenzhen 518061, China; 4. College of Civil Engineering, Hunan University,

Changsha 410082, China)

Abstract: It is essential that the shield tunnel lining is evaluated scientifically and reasonably for ensuring the safe operation of
the train. In view of the fact that the current evaluation methods cannot quantitatively evaluate the tunnel lining well, an
evaluation method is proposed for the resilience of shield tunnel linings considering multiple disturbances based on the
resilience theory. First, the method for the resilience indices of the tunnel linings is obtained by establishing a multi-stage
resilience analysis model. Secondly, according to different responses of the tunnel linings under the loading and unloading
conditions, the performance indices of tunnel linings for the corresponding conditions are proposed. On this basis, the
classification standard for the resilience of the tunnel linings is defined. Then, the effects of the performance recovery degree of
the linings and reinforcement decision-making time on the tunnel resilience are discussed. Finally, the proposed method is
applied to the case of the new parallel tunnels under-crossing existing tunnels. The results show that the resilience indices
obtained by using different lining performance indices are obviously different. For the tunnel projects under-crossing existing
tunnels, only taking the convergence deformation as the performance indices of the tunnel structure will cause the calculated
results to be high, that is, the lining resilience is overestimated. From the case, it is seen that more attention should be paid to
the tunnel settlement and the differential settlement of the track slab should be paid more attention to, especially the differential

settlement of the track slab. The research results may provide —
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52008263); 1L EAIF AA CRHRITIH (BX2021196); E T

It kg s 5 ) L A0 H - (2021-X2Z-37)
index; resilience index WEEERE: 2021 - 06 - 17

important references for the safety assessment of shield tunnels.

Key words: shield tunnel; resilience evaluation; performance
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Tunneling-induced sandy ground deformation affected by surface framed structures

XU Jing-min" 2, ZHANG Ding-wen', LIU Song-yu'
(1. School of Transportation, Southeast University, Nanjing 211189, China; 2. Nottingham Centre for Geomechanics, Faculty of

Engineering, University of Nottingham, Nottingham, NG7 2RD, UK)

Abstract: The construction of urban subway tunnels will inevitably lead to ground movements and deformations, which are
determined by the construction method and strata conditions and affected by the adjacent structures. Based on 24 centrifuge
model tests, the influences of frame structures with raft foundations on the movement and deformation of dry sandy ground
caused by tunnel construction are studied. Five aluminum frame structure models are manufactured, in which the length of the
buildings, the width of the bays, the thickness of building elements and the number of stories are different. The influences of
sand density, additional load of buildings and the relative horizontal position of structures and tunnel are considered in the tests.
In the centrifugal tests, the displacement data of the soil and buildings are captured by particle image velocimetry technique.
The horizontal and vertical displacements of the surface soil, the movements of ground and the contour of shear and volumetric
strains are released. The results show that the surface frame structures have a great influence on the horizontal movement of the
soil, the central long buildings significantly restrict the horizontal movement of the shallow soil, and the degree of restriction is
related to the building load and the size of the gap between rafts and ground surface, while the eccentric short buildings increase
the horizontal movement. The structural load widens the ground settlement field, and the degree of influence increases with the
increase of building load. The restriction of the foundation to the horizontal movements of soil generally results in a thin shear
band at the soil-foundation interface with a decreased maximum contraction level. The relative expansion index of sand
depends on the relative density and stress state. Therefore, for the loose soil tests, the loose sand exhibits a contractive response,
whereas the dense soil transforms from contractive at lower values of tunnel volume losses towards dilative at higher tunnel
volume losses. The building load slightly increases the _

contractive deformation of the soil. The research results may EE&TH: EXRARFEESHERLSTHE (52108364); H It
AR S PR E TR & 0H (2242021R10032)
IFSEEA: 2021 - 06 - 21

provide important reference for safety assessment of nearby
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buildings and risk control of shield tunnel construction in urban areas.

Key words: tunneling; ground deformation; framed building; soil-structure interaction; centrifuge modelling
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Table 1 Parameters for framed structures

o - .. I R <) /mm JR T RS /m
i 28 b le] H B Bbay ‘ H B Bbay
#1 5 6 4.8 195.3 462.0 76.2 0.32 13.3 314 52
#2 2 6 4.8 81.0 462.0 76.2 0.32 5.5 314 52
#3 2 6 32 79.4 460.4 76.2 0.22 5.4 31.3 52
#4 2 3 32 79.4 460.4 152.4 0.22 5.4 31.3 104
#5 2 3 32 79.4 231.8 76.2 0.22 5.4 15.8 52

VE: 1, %2, *3, P4 RPS 43 RIARER F5t5b6L, F2t5b6L, F2t3b6L, F2t3b3L,
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Fig. 3 Setup of a centrifuge model
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Fig. 4 Characteristics of surface displacement: dense sand and
central buildings with standard self-weight
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Fig. 5 Characteristics of surface displacement: dense sand and
central buildings with double self-weight
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Fig. 6 Characteristics of surface displacement: loose sand and
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Fig. 7 Characteristics of surface displacement: loose sand and
eccentric buildings with standard self-weight
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Fig. 10 Ground deformations in greenfield tests
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Fig. 11 Ground movements and deformations affected by frame
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Intrusion process of bentonite-sand mixture and its model in rock fissures with
consideration of lateral wall friction

YE Wei-min' 2, XU Li-bo!, WANG Qiong" %, CHEN Yong-gui' 2, CHEN Bao':?
(1. Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China; 2. Key Laboratory of Geotechnical and

Underground Engineering of Ministry of Education, Tongji University, Shanghai 200092, China)

Abstract: During the construction and long-term operation of a deep geological repository for disposal of high-level radioactive
waste, compacted bentonite-sand mixture invades and fills into fissures in the surrounding rock formations. This intrusion
reduces the permeability of the rock formations. Meanwhile, it also causes the loss of bentonite with possible leakage of
nuclides, resulting in endangering the operation safety of the repository. Aiming at solving the problems related to bentonite
intrusion into rock fissures, a test device is developed, and the intrusion tests are conducted on the bentonite-sand mixture
specimens (quartz size: 0.075~0.1 mm) with different sand contents (0, 15% and 30%) into artificial fissures with different
sizes (0.1, 0.3, 0.5 and 1.0 mm). The images are regularly captured by the high-precision digital camera during the intrusion
process of bentonite mixture. Then, with an ImageJ image processing software, the parameters including the intrusion distance
and width of the accessory-mineral (quartz, feldspar and cristobalite, etc.) and non-accessory mineral (montmorillonite, etc.)
ring are obtained. According to the analyses on the development processes of swelling pressure and friction resistance along the
inner side wall of the fissures during the invasion process, an intrusion model for the bentonite intrusion in the surrounding rock
fissures considering the friction resistance of the inner wall is proposed and verified. The results show that the bentonite
intrusion distance and the widths of non-accessory and accessory mineral rings in the fissures increase significantly with the
increase of the fissure size, and decrease obviously with the

increasing sand content. After the bentonite intrusion reaches E&WH: ERESFRIRITH (2019YFC1509900); EZK HAFR
FHEIH (42030714, 41807237)
WEEEEA: 2021 -03 - 01

its equilibrium (stability), the dry density at the extrusion



614 Hs

= 3 2022 4

outlet decreases with the increase of the fissure width and increases with the increase of sand content. The friction coefficient of

the accessory mineral ring area is obviously larger than that of the non-accessory one, indicating that the accessory mineral ring

has a stronger inhibitory effect on the bentonite intrusion process. The measured results can be well simulated by the proposed

model for the bentonite intrusion with consideration of the inner side wall friction of fissures. The researches on the intrusion

tests and model can provide a basis for predicting the intrusion behaviors of bentonite in the actual disposal repository.

Key words: bentonite; intrusion; host-rock fissure; accessory mineral ring; lateral wall friction; model
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Fig. 1 Schematic diagram of bentonite intrusion into rock fissure
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Fig. 2 Setup for conducting bentonite intrusion test
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Fig. 3 Evolutions of intrusion distance with time for test on

fissures with different sizes (sand content 0%)
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Fig. 4 Intrusion states with different fissure sizes and sand
contents (60 d)
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Fig. 5 Evolution of non-accessory mineral ring width with time for

tests on fissures with different sizes (sand content 0%)
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Fig. 6 Evolution of accessory mineral ring width with time for

tests on fissures with different sizes (sand content 0%)
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Fig. 8 Evolutions of non-accessory mineral ring width with time

for specimens with different sand contents

Wy 5-0% —e—a=15% —k— ¢=30%: 4=1.0 mm
10r 5 0=0% —o— a=15% —a— 0=30%: a=0.5 mm
9 L
.
6 L
by
] 57
E
3 L
&=
2 L
1 i A
0 10 20 40 50 60

30
i El/d
9 TRIRRERIAAFHIM B I 5L E R A2 Lk
Fig. 9 Evolution of accessory mineral ring width with time for

specimens with different sand contents
2.3 AHTEE

N T BRBRAR NIRRT s S 1A ) B2 0
WIREE AU, RECGURE 5 R A m e (K 100 £
e, SRR RARBEEHRE, AFRREE
TR, ANFEE RS Z AR5 B S 45 R ansk 2 fir

Z

R 2 REREW], SR T I AL R T
PRIt SR 98 FE 3G KT /N, B TR D A 1
FERIMTHER

o stem

—Hin

mm

20 mm
8 mm

10 REFENE

Fig. 10 Sampling position of the specimen
R 2 SEMEE S O MR T B E

Table 2 Measured dry density at extrusion mouth of specimens
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Fig. 11 Horizontal stresses of a cylindrical element in extrusion
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Energy dissipation and fractal characteristics of weakly cemented red sandstone
under disturbance impact

ZHANG Hui-mei!, CHEN Shi-guan?, WANG Lei?, CHENG Shu-fan®, YANG Geng-she?, SHEN Yan-jun*
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Engineering, Xi'an University of Science and Technology, Xi'an 710054, China; 3. School of Civil and Architectural Engineering, Wuhan
University, Wuhan 430072, China; 4. School of Geology and Environment, Xi’an University of Science and Technology, Xi'an 710054,
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Abstract: To explore the energy dissipation law and failure mode of soft rock interlayer in western mining areas of China after
dynamic disturbance, the dynamic impact failure tests on weakly cemented red sandstone are carried out by using the separated
Hopkinson compression bar device. Under the impact of this red sandstone under different loading rates, different times of
disturbance and whether there is the disturbance or not, the energy dissipation and fractal characteristics of the samples during
the same loading rate impact failure are analyzed. The experimental results show that under different disturbance impact rates,
with the increase of disturbance impact times, the reflection energy increases, while the transmission energy and dissipation
energy decrease. The reflection energy of the samples under the impact of high-speed disturbance is higher than that of the
low-speed disturbance impact, while the dissipative energy is the opposite. Moreover, the dissipative energy of the samples
under the impact of low-speed rate disturbance is opposite. The energy dissipation rate and energy dissipation density are higher
than those of the high-speed disturbance impact, which indicates that the energy utilization rate of the samples is higher under
the impact of low-speed disturbance. In the impact failure tests, with the increase of the number of disturbance impact, the
fragmentation degree of the sample after the low-speed rate disturbance is more serious than that of the undisturbed and

high-speed rate disturbance. The low-speed rate disturbance of fractal dimension Db, > undisturbed > high-speed rate
HeWH: ERAREBEIEETIH (12172280, 42077274, 41907259);
BRI B AR G E AT (202002-53)
show that the impact rate is negatively correlated with the WRSEHEA: 2021 - 06 - 10

SEEMEE (E-mail: 18992178070@163.com)

disturbance shows that the fractal dimension is positively

correlated with the number of disturbance shocks. The results
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disturbance. Under the same number of disturbance impact, the cumulative dissipation energy and energy density of Dy of the

low-speed rate-disturbed samples are higher than those of the high-speed disturbed samples, while the cumulative reflection

energy is opposite.

Key words: weakly cemented sandstone; disturbance impact; SHPB; energy dissipation; fractal dimension
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Table 1 Basic physical and mechanical parameters of red sandstone
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Table 2 Screening results of impact fragmentation of red sandstone under disturbing action
Ny i 73 BA%/mm MR D
i 0.080 0.160  0.315 0.630 1.250  2.500  5.000 10.000 15.000 30.000 /g >
Al-Z 2.18 3.56 1.52 1.20 0.80 3.44 6.48 2.53 35.82 39.18 96.71 2.365
A3-Z 2.78 441 1.33 1.20 0.72 2.65 7.46 3.33 33.96 3735 95.19 2.403
AS-Z 5.49 10.54 3.23 3.35 2.00 6.95 13.39 13.18 9.37 34.07  101.57 2.592
Cl-Z 7.84 5.34 1.38 1.35 0.70 3.35 13.89 2445 36.46 0.00 94.76 2.586
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One-dimensional consolidation analysis of saturated lumpy composite backfill
foundation

HU Ya-yuan, ZHOU Huan-hui
(Research Center of Coastal and Urban Geotechnical Engineering, Zhejiang University, Hangzhou 310058, China)

Abstract: It is an effective way to replace the soft foundation waste and backfill the low-lying valley with the lumpy waste. In
order to explore the consolidation behaviors of saturated lumpy composite backfill foundation, one-dimensional (1-D)
consolidation model is established by using the mixture theory. Firstly, based on the assumption of the equal solid strain
condition between lumpy soil and filling soil, the formulations are obtained between each constituent strain and pore
deformations in lumpy soil and filling soil. Then, under small strain, the 1-D linear elastic constitutive equations for the
saturated lumpy composite backfill soil are derived by applying the free energy potential constitutive equations, and the
governing equation for 1-D consolidation is provided based on the Darcy’s law and the stress equilibrium equation. Meanwhile,
its analytical solution is gained by using the separation variable method, and the contrast between the degenerating model and
other existing ones shows the validity of the proposed model. Finally, the influences of two pore permeability coefficients and
fluid exchange parameter on the characteristics of 1-D consolidation for the saturated lumpy composite backfill foundation are
studied by adopting the analytical solution. The analysis results indicate that the permeability coefficient in filling soil plays a
leading role in the consolidation behaviors, and the pore pressure in the lumpy soil increases to a certain extent at the initial
stage of consolidation and three parameters have the similar mechanism.

Key words: construction waste; saturated double-porosity medium; mixture theory; 1-D consolidation; analytical solution
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Fig. 6 Diagram of excess pore pressure and consolidation degree

for varying permeability in lumpy soil
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Influences of wetting-drying cycles on expansive soils improved with
disintegrated sandstone with different particle size groups

LI Guo-wei' %2, WANG Jia-yi"?, CHEN Wei" 3, WU Jian-tao" 2, CAO Xue-shan"?2 WU Shao-fu*
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University, Nanjing 210024, China; 4. China Railway 20th Bureau Group Co., Ltd., Xi'an 710016, China)

Abstract: Based on the project of diverting water from Yangtze River to Huaihe River, the long-term effect of the improved
expansive soils with disintegrated sandstone waste from river excavation is studied. The results show that: (1) The disintegrated
sandstone improves the compactness and strength characteristics of the expansive soils. The improved expansive soils have the
best compactness when the particle size of the disintegrated sandstone is less than 2 mm. The direct shear index of the
physically improved soils is positively correlated with the particle size of the sandstone. The direct shear index of the
compositely improved soils is mainly controlled by the improvement of cement, and the influences of particle size of the
sandstone is not obvious. (2) The disintegrated sandstone can inhibit the cracking of the improved expansive soils during
wetting-drying cycles. When the particle size of the sandstone is larger than 10 mm, there will be crack concentration in the
surrounding soils. The crack rate of the compositely improved soils is significantly lower than that of the cement-improved soils,
and has no significant correlation with the particle size of the sandstone. (3) The disintegrated sandstone has the effect of
delaying the cohesion attenuation of the improved soils in the process of wetting-drying cycles, and the effect is affected by the
particle size of the sandstone. The particle size of sandstone shall not be greater than 10 mm in the physically improved soils
and 5 mm in the compositely improved soils. (4) The microscopic evolution characteristics of the disintegrated sandstone affect

the macroscopic crack development and strength attenuation of the improved soils.

Key words: expansive soil; disintegrated sandstone; particle size; wetting-drying cycle; microscopic mechanism
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4% () KR H HBEKEERE 31%. BKTtE
B RPERD R AV B S HOLR 1, X FELATHHR
g s R IER 2.

=1 KL SERRRMED S B AR BIERR

Table 1 Basic physical property indexes of expansive soils and

disintegrated sandstone

R HERE R MR kL 2H /%
RO T
ik -+ 62 52 24 28 1.1 877 132
TR 24 36 19 17 541 352 7.7

®2 BT SERRMEE X HETHRESER (RESHD
Table 2 Results of X-ray diffraction experiment of expansive soils
and disintegrated sandstone (mass fraction)

T SWA EA KkstE |l 28 R KA TRa
% % % K% Fl% M M %

Rkt 27 4 11 4 2 14 8 30
RS 12 6 6 5 4 45 22 —

2 REFE
2.1 BRI M R

R EVERD 5 R 05, 4 A8 BRAR<2 mm, 2~
5mm, 5~10 mm & 10~20 mm {58, & LL 30% (i
=D RSB EIMANEK P BE S R, oY
MRt AR, FEIRIERE L, BN 4% Rz
KRR LR AR, MRAEEMR . X
B R 58 5% R LT E NS R .

MR (b TARIG AR ) (SL237—1999) U305 R
AT RS SEAR, BRI S KR SRR TR

AT KRG & L R AR, LA oKER
Ak, L 95%E 52t A\ 300 mm X 300 mm X 120 mm
FIARR G, LA d61.8 mmX 20 mm PR JJE A HURE,
N AKACPHEZ 1 h UL, BZ8ENEK
BRI TR 2 em BAE, 8 12 h AR5
TRLRR, S0P HRR S B AT B TR BTASS . B Ik e
PRAFE R ERPFE N FRY 2 28 d W, FHUH T &
BENYEARL, FRPREFRERIE 20°C . WE 95%
I ERES
2.2 FEEFAE

PR Kok BT RN, R TE
BT XEATA LREHATHAT, 5 SCHLURT R W)
UEIRES, B BAN S 1) B ONIRFE 45°C L 1B SE 50%0H)
PR TEVR A TP TR 12 hy BN SRR AP 3T B
MR 12 h GREEIEBIEAIE KD, oA IR 4G
W

FXTEG, SHAFERITEATIE, il R
BRI DL, FHREHRRE 0, 1, 3, 5 KA
HATHAVRES T I B R ETRE .
2.3 B RMUWIRIE

X AL BRI A TGN 5 K5I L REEAT
YRR, KRS B ERE DN, TN T LA T
BURTHE . AR T8 E R BT 28 B i i, K
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REEE TSRS L, Fefams L, KHsRE T,
RN B S BRI 4,  BUH 5 7R R R4 5
i, AR A 5oy 5 IR 5 DA 3 AR IE . R
SU3500 Hirfffi+RMEE (SEM) XX R i
WS T WS H 18 B -

RYE SEM EUZREAT @ i file &0, s
TARIEA XL R RO S 2 15 0L, IRERE LIRS
TR, MTSOUE A R O R e ML S MR AR e
PE, 5 MR ZS R LK.

3 BMRIMWIENZEMER
3.1 M

1 AR R, BRI 3, Foh
AR L RR T SRR R, R
LA LR 0.

185 - —— BATHE (FTKR) 724
—— BRTHE (B4%KIE)

1.80 —— FMREAKE (TAKR) 422
- —a— EBREKE (B4%KIE)
EL75 120 %
E‘f 1.70 | 18 g
K 1.65 - 16 1§
i3

1.60 | 214

1.55 L 1 1 12

¥ H<2 H2~5 H5~10 #H10~20
iR A BRbRAR Imm

E1 RERHUREELER
Fig. 1 Compaction results of plain and improved soils
R3 ZEIRURIEMEKESEXTFEEELS
Table 3 Optimum moisture contents and maximum dry densities of
plain and improved soils
W ke BIEKE RRTEE
Rl WE O EE W R
/mm /% % /% (gem?®) /%
E N P 0 228 0 1.56 0
<2 0 200 -1228 1.66 6.41
0 19.8 -13.16 1.62 3.85
JiZAK +- 5~10 0 194 -1491 162  3.85
10~20 0 19.1 -1623 1.61 3.21
F LK X 4 220 -351 1.59 1.92
4
4
4
4

i SEAE

Wha+ 2~5

< 178 —21.93 1.68  7.69
fibA+ - _
Wi+ 2~5 188 -17.54 1.66  6.41
KR 5~10 188 -17.54 1.63  4.49
10~20 179 2149 1.65 577
K1 ExR, 580, MR TMESSRE
TR E AR, BRTHEAR. WA AEN
BNUCGEIK T ESRe i, ImAKER, E6MR
TSR B — D GE .

MR RIS KR S E BRI, )
B RN ARE ERARH R, (o R 8kt AR
PR, FEPOKPEREFEAR, Hefl SRR K.

BANWEBRAANT 2 mm B, R R KT%
FERK. B ERARANT 2 mm b, LERE SV
X AF s HUBSEESGE RO
3.2 fEEEFF

K 2 NERRITRIGEE R, HRBIEIINE 4,
RPRUF NI - 200 R 5 B8R AR R,
= EARARE SO 0.

K2 BoR, SR, PR R LR A
WEEE MR, HSEBERRIEMAR, Ea%Rt
BER NN BEG St — P BEE R, A BRAATE
FERRME,

160 =40

[
140

—

[

(=]
w
(=}

g

S
PIEEBE S/ (°)

80 - ac (FEK¥R)
| Ap (FEKPE)

o ¢ (B4%KIR)
oo (B4%K%R)

WER S1/kPa

A
k10

1 1 1 0
x AH<2 H2~5 AH5~10 H#10~20

AR E B RLR A2 /mm
2 ZXRBRTEEN . NEERE
Fig. 2 Cohesions and internal friction angles of plain and
improved soils
R4 ZIRHRIERN . REERE
Table 4 Cohesions and internal friction angles of plain and
improved soils
i f?’/"z”é IKIe BRI c W R o
b AL EE TEE AR B BLE
/mm 1% /kPa 1% 1(°) 1%
. x 0 2875 0 697 0

< 0 3440  19.65 939  34.72
by 2~5 0 4046 4073 7.11 2.01
Kt s~10 O 4550 5826 8.07  15.78

10~20 O 56.64 9701 11.65 67.14
%Ei+ b 4 14790 41443 2090 199.86
KE

< 4 13840 38139 33.38 37891
Wt 55 4 12125 32174 1983 18451
ﬂfjﬁg 5~10 4 14675 41043 31.77 35581

10~20 4  143.63 399.58 35.53 409.76

Rk, YIBSR RCR, AERARE R, S8
DIV S HRORURL 15 o7 R I 1) BE R RE K, R
BRI, ARSI P B AR A4 K0,
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HEURMBRN, KRR T+
BRI R Ao e, — R E s T b a A IR
TEMsZNT, BRIV RS ORI A A B
i 5K RAEF SO R, 5 BRI S A
Ktk

4 WRIMKBREMSEBRENXR
4.1 HRITRIE

B 3,4 5l PRI ER TSR L5854
o R AR R 1 R R R S At L. B R
F AT (R A R . A FIIR B 451

(a) RERBIFR

(b) 10~20 mm 7 B EL SR -2 BT

(c) 5~10 mm & BV B R 2L [RUT Ji

(d) 2~5 mm % BV B R T LT

(e) <2 mm 7 E PP R HZRIEIT
e WA HATRAEIS 1, 2, 3, 4, 5 REBRER
E 3 ¥R R A FEREIMER THREFRER
Fig. 3 Crack development of physically improved soils under

wetting-drying cycles

(a) HEEHKIERBRIT R

(mm~mmmEE§A&§i%WﬁE

(c) 5~10 mm # B E A SR TR EIT

(d) 2~5 mm A B E A SR TR

(e) <2 mm % B E & R EREITRE

A NG TRAEIR 1, 2, 3, 4, 5 RRKEE

E 4 S6RRIAETEEIMEB THREFRER
Fig. 4 Crack development of compositely improved soils under

wetting-drying cycles

OF LikFE. WE 3 (@) fr, WFEET XTI
TEIJE AU A2 1~2 53R, 1B I T8 AR Je oy 323
B, JERATAEH B AR UNRIR, A AN, R A
WM. @10~20, 5~10, 2~5 mm #HEYHBR
Lk, Wl 3 (b)) ~ (D Fin, RBEEEFET
oA S, BUNRERAD, A B R R A e
BN . o 10~20 mm & 8 ATTEIRFE, TAE
iDL E LRI e B . <2 mm & B E o R il
Wk 3 () Fios, WA — 2% 2RI, JLT IR
BUERL, BARRARYIE. @E &M R Lk mE
4 ", HEUMRE LRI RRERA, gk
Tl R ik FER T B AR R A A

A 11 Matlab 24005 2808 BB HEAT —EALALBE, JF
BRI, BHRRESGERETHE S, 6.

6 —— E 1+
—a— +4+H2~5
—o— +4+410~20

—a— t+EH<2
—x— ++AH5~10

] 2 3 7 5
TRAEFF KB

E 5 ¥R REAETEEIMEA THRERTL
Fig. 5 Change of crack rate of physically improved soils under

wetting-drying cycles

K 5 JyE e B R AR B TRAR A AL
Ole B 5 IR, EIRTHRIEN G, REMRERRK,
10~20 mm % J8 5 R HRERR b, HARR41E
BRENTWE . B, s s Ex KL
REITRAAMEBIER, POV EIKIERIR, 2T
MRAR R EUIK /N, PRI R B K EE R
B, WORSS T THRIEMA S ERERITRE, RIS
RIHER T R P BESE S, 6 K - AR R A UAc 4 B
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ERNHIE . AR, AR K4 P 2 g
FIRCRIORE [F1] JBE 52 B 0K, AR SCiRIR 45 2R v o e RiAe
10~20 mm KA B RAKIL. 5 RTHEREA RS,
BRI A Ak R IR 3 .

K 6 NEASRLREERETREA S
. B 6 Bor, AR ERERENTYEEE L.
EHIXTHRIEA G, UK R AR Rk,
S b B R R AR A 5 TR
AT, BRI R A LR AR .

18

15 —— FE ki —n— b <24k
12 L —a— T2~ 54K —— L+ES5~ 104K
& —e— 144410 ~ 2047k I
# 9
&
® |
L —— . 3
3 L
0 1 Iv 1 1
1 2 4 5

ﬂ:iﬂﬂgﬂilﬁ(ﬁ
6 EANRIETERIMER THRRREN
Fig. 6 Change of crack rate of compositely improved soils under
wetting-drying cycles
KRR RHIEIINE 5, 6, RIPEREBEE
FENER 1 IRS58 5 IR IRAE I 5 2R ELAE
x5 VMENRTETEEIMEA THREER
Table 5 Crack rate of physically improved soils under
wetting-drying cycles

ANERREH A TIRAEIR 5 AR B R /% B AR
K 1 1 2 3 4 5 El/%
%+ 13.72 1553 16.95 16.70 1632 84.07

HERA <2mm 12.24 13.26 14.53 14.49 14.87 82.31

LU gk 22 Ay

Zfﬁg*xﬁi‘z > 1248 1279 12.68 14.44 14.44  86.43

Iy SR -

*fﬁg*fﬂias 101168 11.89 12.68 12.62 1487 78.55

LU R o 42 L

Zfﬁg*”gihlo 20 957 870 10.36 10.03 10.53 88.03

* 6 EANRIAETEB/MER THIRMER

Table 6 Crack rate of compositely improved soils under wetting-

drying cycles

AERKAEDE TR ERAERER % HRREER

K T +4% KT 1 2 3 4 5 E/%

K 4.07 4.59 4.65 4.58 4.64 87.72

HIERIZ <2mm 1.62 1.66 1.66 1.61 1.63 99.39

ATy S Ry S

AR 275 1.78 1.78 1.81 1.68 1.83 97.27
mm

[Ty S Ry S-S

ARRAES~10 ) 05 117 168 1.60 1.65  73.94
mm

LLy Rphape 2 —

Zfﬁg*fﬁ;fo 20 134 129 141 150 1.85 72.43

x5, 6 FIEGR, MHME L EREMEL N
78.6%~88.0%, HAEMRE L REMAKIL N 72.4%~

99.4%. Ht, TR RSP BT O
IBFURERERE, X TRk, XA i
KE—k.

i b, VHS R A TRERE RS, EE
LRI R R, SEIRARREREER K, Fk
TR R BRI A TG . MR RIS 5 T R 2K
FIFRBEAMMHEIER, HERAR KT 10 mm I, 58
JUST o i) 25 SR WIS 5 o B R v o S TRE
BORKS, BB A%, SrEEKHIHALRI
H B AR R AR e /N RS IR . PRI, SERR TR
H, BRI o R T B R KR R
AEIE], SHPE/NEAIRIER KR, JREREE .

HEUR ARG, B A m R
BRAT /NS R L, JRRIEI PRI R T B AR
. BEUMRTHRERWPE/NFAUKRESR L, B
HARBERGUR TN, (HEARE RS
FARAHRIEA R .

4.2 BRI

SRR 5 AT B BTG B 7 O
PR R L (R A e s, MRBIRIIAK 7.

K7 BoR, WP R BRI TR IR
ELYIIEE VS>3 P W EZN K7L =S i) 22 -FAPNS B
s VIR B I BB 9 RO T AR Rk )

&R T
90
80 —a— 410~20 —a— F4ES5~10
70 —x— T+E2~5 —— T+E<2
o 60 —— B+

0 1 2 3 4 5
BRIz 7378

7 FRERZFG TR R TRRS
Fig. 7 Cohesions of physically improved soils under

wetting-drying cycles

R TR LR, EIRIEER DR, MR
R RTRL, WA B TR R A A T
HI9S TR R RIBER . ARG HIZERE, REANT
10~20 mm %8 R &, (HR T HANRAR A S JE i R
e, BT 10 mm PA_ERIARZE A S I J5 4K 1 AR N K T 2
RS I 308, 10 mm PU R RIARZEE 5 0 2 AG Ik
WK BRI IE R . B, E R
B R RAK T 10 mme R 7 B ER, wEAR
HRER RO, M R R R EER
e, R D B IR AT R 1
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Table 7 Cohesions of physically improved soil under
wetting-drying cycles
TURAEH 5 AT 5 J1 /kPa

IR KRR OKE

AFEPRAR D 5 B A A
IR 0 ! 3 5 Hp, Fv K
s 2875 2575 22.52 2260 -1043 -21.39 2.05

HEKRIE <2mm 3440 2920 2835 29.03 -15.12 -15.61 1.03
HIERfE2~5mm 4046 3599 3255 32.65 -11.05 -19.30 1.75
SRR 5~10mm 4550 4025 37.47 36.67 -11.54 -19.41 1.68
SRR 10~20 mm  56.64 4476 4523 4270 2097 -24.61 1.17

K 8 AR A R EMIBER AR, MR

HINFK 8.

K 8 B, HANRE LB 1R IER S 3 lfe
SBER TSR L,

150

140

130
« 120
-
2110

—— EL+kE

—a— 1 +510 ~ 20+7KJB
—a— 455 ~ 104K
—— T +52 ~ 54K

R
g 100 - —— -+ <24k
90 L
80
70 - ——"
_ * =
60 0 1 2 3 4 5
RRUTZIEIN/ €

8 TERIFUHTEARRLIIERND
Fig. 8 Cohesions of compositely improved soil under
wetting-drying cycles
R YRR, HXTRERG, AUKESR L
MIEEDE N T 5~10, 10~20 mm AR L, Wik
THARRARAE A B R L, ARG 2 BRI,
YA ERARTES A R L AR T 5 mm. B3R 8
AR, AR YR R R R 2 R, U R
o B EA G G e R A M A
*8 TEENFHTEAHRLIIERD

Table 8 Cohesions of compositely improved soils under wetting-

drying cycles
R R YL = TR G RFEE R A kPa HIR KR KH

T A2t A2k

+Hig ik £ +4%KE 0 1 3 5 e T, R

Zh+KIR 14790 7420 76.80 64.10 -49.83 -56.66 1.14
HIERfE<2 mm 13840 77.46 7455 70.87 -44.03 -48.79 1.11
HERIAE 2~5mm 12125 63.40 68.80 68.53 -47.71 -43.48 0.91
SRR 5~10mm 14675 62.60 62.10 62.35 -57.34 -57.51 1.00

HIERIAE 10~20 mm  143.63 67.90 66.30 66.10 -52.73 -53.98 1.02

B9 Nl R R AR S . i 9 mT R,
e REMABEEA QG DTSR L, 55
JERARTC R A GNE . PR A A EEEE AR AE BB A
MR AERA R, T BRRENE. SR E R TR
PRI B R 0 25 R B, U W AR [A] (14 J 2 o 52 3
BORBIR, ORI ) R R VA LR B, RN
P EEE AR X SR P (M A . SR A TR

PEIR AR B, RN IR, PIR I R
HEEH, SN EEMIRLRINEENE

40 -
35

b —a— 1 +#10~ 204K
30 | —x— <247k B

—— FE LK

—a— T +HS5 ~ 104K
—x— T +5H2 ~ 54K
—— ++710~20
—— ++A85~10
—a— T+H2~5

—— T+ <2

—e— E 1

(

PEESSR/ (°)
8

—_
w (=}
— N

—
w
T

1 2 3 4 s
TRRAFFF UL
9 FERFFHTRELRUREIAEES

Fig. 9 Internal friction angles of plain and improved soils under

=]

wetting-drying cycles

K10 TR AT 0 s R LT s S
R R R g, XL 10 (@), (b) ®HL T
MRAE E P R LR A R, EatR M
JERERIE . X — IR GEERE ) ERAREA A,
B 5 R A R P A 0 2 R RE SR Ui, X A BE AR A
FIsZmAEL /N b, PR R R sE FEVEIRAR
EMEMRTEARR L.

450

390
—eo— 1:4+10 ~ 20 mmibE, 0K

L33+ —a— 1410~ 20 mmfibE, 1K
g —— ++10~20 mmBPE, 3%
=270 —a— 1410~ 20 mmBPE, 5K
=

=210

8

1 1 1 1
100 200 300 400 500

B[] JE J3/kPa
(a) PHERE+
450
390 |
330 |
£
R20 ¢
=
i 210 ¢
S 150 e 410~ 20 mmBFE+KIE, OK
4 —=— 1410~ 20 mmfPEHKE, 1K
90 - —e— 1410 ~ 20 mmBE+KIB, 31K
—a— ++10 ~ 20 mmibE+KIE, SK
30 L 1 1 1
100 200 300 400 500
B[] JE J3/kPa
(b)) BEABMRL

10 FEEARFG THRIMEBES EMEN X RL
Fig. 10 Curves of shear strength and vertical pressure of improved

soils under wetting-drying cycles

K11 08 3 THBARIA A o R R 58T 5L 5 e A e
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TR AL, B 11 BoR, TREAE, BB
MIPTET s 5 n E R IEAE 0, AT R LRHTET R
ESEBRELEERR, ARTBELTRL, 5
2 L AACORZE THRARIA IS ) 55 2 FUERAR — 2

150
120 |
§ 90 |
kSt
]
® 60
ES —a— ++10 ~ 20 mmBPA, 3K
—— 1+5~ 10 mmBPE, 3K
30 ¥ —— +42~ 5 mmfPE, 3K
—x— t+ <2 mmibE, 3K
—o— £+, 3%
0100 200 300 200 500
&[] FE J71/kPa
(a) PrHEB R L3RG
400
350
300
£ 250
=
®
g 200
I8 150 —=— ++10 ~ 20 mmfPA+KIR, 35K
—o— 145~ 10 mmiPE+KIB, 3K
100 F —a— 142~ 5 mmBPE+KIE, 3K
—x— 4+ <2 mmfE+KIE, 3%
50 —e— Z 4 4kiE, 35K
0 ' ' : :
100 200 300 400 500
&[] e J1/kPa

(b) EEHRR L3RG
" FRER 3 RERR I EES S E X FRhsk
Fig. 11 Curves of shear strength and vertical pressure of improved
soil after 3 times of wetting-drying cycles

i b, TRIE SRR BRI, A s
J& B SELZ R ) i E o 2 B R e L AE £
PR 22 3 F-RRAB IR I YRR 3 R EE AT S M 5 R
TRIIREEENE, A ERARE S R A KT
10 mm, fEREHHR P HAKT 5 mm. SR LH#E
L0 BB 18477, 0 P EERE AR ISR N
4.3 R TWMEEIELFHE

12 JyBE B THRAE 0, 5 et s A
#8239 SEM R 1812 S22, 0.632 mmX0.443 mm
WHNESZ KRN T 02 mm Bk, BEE
RIS UREER VR o X N S TR TEZ NE I E 0 AT R TN
21, BRERIA AR, WU S TRY . TR
Wa, LBEHEZ, LERSHHR, R AL,
A LIVER NN LS R

P R EAEFRAEAE T, BRI R
HE 2 SRR REI, WO b i BRG] S 3R R 5
VBRI o B, R I OUR S A 0 R &R

5B R 0.632 mm X 0.443 mm
FEIR 5 UG BOK 200 £

5B R 0.632 mm X 0.443 mm
T3 0 RJFJBCK 200 i

fPKE 0.254 mm X 0.178 mm FbHE 0.254 mm X 0.178 mm

FEER 0 UG HOK 500 fi% FEER 5 WG BOK 500 fi%
W RLR T o A 454 WS RL 3 THI R 4543 /b
(a) THRIEHAIEA (b) TRFERERE

12 YN R FIRMEIF 0, 5REEEBIS SEM B
Fig. 12 SEM images of disintegrated sandstone of physically
improved soils after 0 and 5 times of wetting-drying

cycles

13 NEEHR TR 0, 5 athaa s
o) SEM B, B 13 (A BoR, W kit
AR, R R ERACRAS, R RHR AR R,
13 (B) &R, BRI T—Dgiib $okL (0.25
mm), JCRPKIRIAFIE, REEEE™ . TR
Wa, wha SRR LT IERimy, UK E, St
te, R

0.632 mmX0.443 mm (C) 755 0.632 mm X 0.443 mm
B 5 UG K 200 15

(A) Py
FEIR 0 UG HOK 200 £
s N e P

B) 0.254 mmXx0.178 mm (D) APHi 0.254 mmX0.178mm

FEER 0 UG BOK 500 fi% FEER 5 WG BOK 500 fi%
EIIE 1A e AL I R 45 e %
(a) TBIGAFES (b) TRFERERE

13 EEMRLTIREIF 0, 5 RWEEEIRS? SEM Bk
Fig. 13 SEM images of disintegrated sandstone of compositely
improved soils after 0 and 5 times of wetting-drying

cycles

X FYHEE R, Ba0RETRAA TR
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BES, AETIKIE KRG B T BORL I HEFAR
BSMERMBEEDFER . S RERER, Kk
IKACAE I, kLRl R 25 et — 0 pr iy, ke
RIE R, WORERER GBI .

HEWREAETRIEAMEAT, ERERIEE
JIFERF L R T Y R L, oWl B iR R R AR
PR F AL RE R LE B R 5K ek, TR
TEU 7B PR 22 S A GOUE L 0 85 A it A 17 L L
ERNIVE S

K 14 PR R 0, 5 R Ak 138
70 SEM ER. 1’ 14 Bor, THEEAERE, K
TR IR, ROTN,  E70 SR T B INBTRE
WALBR RN . THRIE AR, R BRI
T AARBERIIERAR, SRR, RO SS RHE R A

0.025mmXx0.018 mm %7 0,025 mm X 0.018 mm
FEER 0 G TBCK 5000 % FEER 5 G TBCK 5000 %

(a) FBAEAHIEA (b) TBIEH SRS
14 YRR R+ FIBMEIF 0, 5 KEAKL RS SEM EHK
Fig. 14 SEM images of expansive soils of physically improved
soils after 0 and 5 times of wetting-drying cycles

15 FH UG AL PR AR A4 Image Pro Plus6.0 A % 44 i3t
ITREBLI AT, ASEFRAEIA R0 G 2 R £ 8 LI
SEEE SIS E AR N FE LR
FRAN I T 5N 5 S 5 LR T AU 45 1) (B Y LA
® 9 NTRAGEH 0,5 WJaETE R s & TE o FLER
FHIE .

ROHIEE R, TR S K5, MEHRRES
HEWR A A B REE DN 2.79%, 5.29%,
Ht, EE SR B RIEA R b A 5 ™
H, PRGNS S k)G, MHRR 5868 R s
JEWRT 40 pm FLERI & EE 2250 B 0%2209 0.16%.,
0.11%, Hitk, ZFRIEHAE G > BN LR AR
NRALE . THRAEH 5 K5, BalREPEEN 0~
1, 1~2 pm FLRR & BRI T 8.21%, Hitk, H/E#R
frmi A A il TN, LR TR R P R BH ZE AL
BR, BEECKALER (2~5, 5~10, 10~40 um) #{LA
NLBE, S BUNFLRR LI

i b, ER S ENZIK S R AR oW L
CAARID R S5 A8 A A, (2 THRARM R Hh b L ]
MRS IR Z BN 59, WiE T IREYIh K =B

B YR A TR SRR SN, SR £
BURE R B G IR R, AR KR
IKACAE REAF IR SR SR AR 5 M WAL FEFE R T B R
to AR LRI SHIFE TR E T T A R R AL,
BARMERGS . Wb TE SR RO B AR R
M A0 R 2 R PR R A 7 R 9 P SR A A
®9 FIEMER 0, 5RMRIHIVEERBHYFLIRYFE
Table 9 Microscopic information of disintegrated sandstone of
improved soils after 0 and 5 times of wetting-drying

cycles

MR L TR AL A i Ee%

0~1 1~ 2~5 5~10 10~40

BT IE %% 40 um
um  2um um um um

0 509 19.15 53.04 2196 4.73 1.12 0

hERRL 5K 7.88 19.04 5525 19.88  4.06 1.61 0.16
0k 537 2216 5285 19.10 3.72 2.16 0

S
HadRt 5% 10.66 26.58 56.64 12.60 2.54 1.53 0.11
-+ S
5 %4 i

(1) BfRTERD A BCE I L I S . Wb a
BB K LR RS, A KEE, EaWR
TSR B G . YR LR B K
HEBRAANMR. EERAANT 2 mm R, HSrE
BIEFVE ST

(2) BfARPERD A DSOS I AK L 1 5 FERFAIE - )P
Rt EIHRR S A BRRIEMR. EaSREME
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Statistical damage model for fiber-reinforced vegetation concrete substrate
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China; 3. Sixth Geological Team of Hubei Geological Bureau, Xiaogan 432000, China)

Abstract: This study attempts to investigate the constitutive model and damage evolution law of the fiber-reinforced vegetation
concrete substrate. Taking the two factors of confining pressure and fiber content into account, a statistical damage model that
can reflect the mechanical properties of the substrate is established based on the Weibull distribution. The method for
determining model parameters is given, and the relationship among the Weibull distribution parameters, the confining pressure
and the fiber contents is discussed. The model is then used to verify the results of the triaxial tests on the substrate. According to
the destruction criterion of the substrate, the method for determining the damage threshold is deduced. By analyzing the damage
evolution characteristics and the failure process of the micro-element, the stress-strain relationship and the law of damage
softening of the substrate are elaborated. The results show that the model curves agree well with the tests, which can reflect the
damage softening characteristics during the loading process of the fiber-reinforced substrate. Besides, the ratio of the damage
threshold to the peak strain is found to range from 0.4 to 0.6. This study provides a theoretical reference for the accurate

analysis and evaluation of the mechanical properties of substrate.

Key words: vegetation concrete substrate; damage evolution; Weibull distribution; statistical damage; damage threshold
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Fig. 1 Triaxial tests on fiber-reinforced substrate
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Table 1 Values of shear strength tests on fiber-reinforced substrate

% R B T4 FE 44 ZRE AT
c/kPa o/(°) c/kPa )

0 75.4 33.7 75.4 33.7

0.2 95.5 334 86.6 335

0.4 99.0 33.9 91.1 33.7

0.6 104.0 34.0 94.1 333

0.8 108.3 34.1 97.4 33.7
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Table 2 Actual and fitted values of elastic modulus of palm fiber-reinforced substrate

V% 03=10 kPa 03=30 kPa 03=50 kPa
RIR(E/MPa  LE{E/MPa  AHXHEE  WIE/MPa IG5 ME/MPa AHXHEZE WK E/MPa #A{E/MPa MHXHEE
0 7.98 7.78 -0.0251 10.16 10.55 0.0384 11.95 11.84 -0.0092
0.2 8.63 8.55 -0.0093 10.80 11.19 0.0361 12.62 12.41 -0.0166
0.4 9.66 9.32 -0.0352 11.66 11.83 0.0146 12.77 12.99 0.0172
0.6 11.30 10.10 -0.1062 12.36 12.46 0.0081 13.61 13.56 -0.0037
0.8 11.46 10.87 -0.0515 12.52 13.10 0.0463 13.61 14.14 0.0389
=3 TREAHEMHEM B EEXLFMESIEE
Table 3 Actual and fitted values of elastic modulus of basalt fiber-reinforced substrate
V% 03=10 kPa 03=30 kPa 03=50 kPa
RIR(E/MPa  AME/MPa MHXTRE  AR(A/MPa UAE/MPa AHXHEE WKIME/MPa IE{H/MPa FHITRE
0 7.98 7.87 -0.0132 10.16 10.86 0.0691 11.95 12.25 0.0249
0.2 8.60 8.83 0.0270 12.58 11.88 -0.0552 13.83 13.23 -0.0432
0.4 10.34 9.79 -0.0531 12.88 12.90 0.0020 14.76 14.21 -0.0371
0.6 10.71 10.75 0.0037 13.62 13.93 0.0225 15.21 15.19 -0.0007
0.8 11.74 11.71 -0.0023 14.67 14.95 0.0186 16.21 16.18 -0.0023
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Fig. 4 Comparison between triaxial test results and model curves of fiber-reinforced substrate
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Estimation of hydraulic conductivity of unsaturated soils under entire
suction range

ZHAI Qian'-2, ZHU Yi-yao"? YE Wei-min®, DU Yan-jun*, DAI Guo-liang" %, ZHAO Xue-liang':*

(1. Key Laboratory of Concrete and Prestressed Concrete Structure of Ministry of Education, Southeast University, Bridge Engineering

Research Center of Southeast University, Nanjing 210096, China; 2. School of Civil Engineering, Southeast University, Nanjing 210096,

China; 3. School of Civil Engineering, Tongji University, Shanghai 200092, China; 4. Southeast University, Nanjing 210096, China)
Abstract: The hydraulic conductivity of unsaturated soils controls their water flow. Most numerical softwares adopt the
hydraulic conductivity function (HCF) as the input parameter to simulate the water flow in unsaturated soils. The accuracy of
the inputted HCF has significant effect on the reliability of the simulated results from the seepage analysis. It is noted that most
HCFs are proposed based on the theory of capillary flow. It is observed that in the high suction range, the estimated HCF of
unsaturated soils from the capillary flow is much lower than what is obtained from the experimental measurement. In this study,
the water flows in unsaturated soils are categorized into three forms, including (i) capillary flow, (ii) film flow and (iii) vapour
flow. The mathematical models for the HCF of soils corresponding to those three forms of water flow are proposed.

Consequently, the total HCF of unsaturated soils under the entire suction range is proposed.

Key words: pore-size distribution; hydraulic conductivity function; capillary flow; film flow; vapour flow
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Seepage characteristics of soil-rock mixture based on lattice Boltzmann method

JIN Lei!, ZENG Ya-wu?, CHENG Tao', LI Jing-jing'
(1. School of Civil Engineering and Architecture, Hubei Polytechnic University, Huangshi 435003, China; 2. School of Civil Engineering,

Wuhan University, Wuhan 430072, China)

Abstract: In order to explore the seepage characteristics of soil-rock mixture (SRM), random pore-structural models of SRM
are constructed and voxelized based on the discrete element method and the proposed virtual slicing technique for
three-dimensional discrete element model. Then, the three-dimensional lattice Boltzmann method is introduced to conduct a
series of numerical simulations of the seepage flow in SRM from the pore scale, and the influences of rock content, rock size,
relative density on the simulated permeability of SRM are comprehensively investigated. Finally, the internal mechanism of the
influences of rock content on the permeability of SRM under different conditions is discussed. The results show that when the
relative density and rock size both remain unchanged, the permeability of SRM presents a gradually increasing trend with the
increase of rock content, and the increasing rate also increases. When other conditions remain unchanged, the permeability of
SRM decreases with the increase of relative density. When the rock content is lower than a threshold value, the permeability
decreases as the rock size increases, while this trend gets reversed when the rock content exceeds the threshold value. When the
density of soils in SRM remains unchanged, the permeability of SRM decreases first and then increases with the increase of
rock content.

Key words: soil-rock mixture; lattice Boltzmann method; seepage characteristic; permeability; pore-scale modeling
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x1 LAREFEEER (u?)
Table 1 Simulated permeabilities of SRM (1.u.?)

Co/% D=0.03 m D=0.04 m D=0.05m
7o D=0 D=0.5 D=1 D=0 D=0.5 D=1 D=0 D=0.5 D=1
0 0.241 0.155 0.094 0.241 0.155 0.094 0.241 0.155 0.094
20 0.245 0.169 0.104 0.241 0.160 0.099 0.227 0.156 0.102
40 0.283 0.192 0.127 0.256 0.176 0.112 0.236 0.163 0.106
60 0.368 0.253 0.158 0.339 0.218 0.143 0.291 0.193 0.127
80 0.595 0.424 0.252 0.710 0.410 0.246 0.916 0.487 0.230
100 1.423 0.888 0.564 3.024 1.928 1.147 5.280 3.647 2.057

R2 TRREHBIFLERER
Table 2 Porosities of SRM

Col% D=0.03 m D=0.04 m D=0.05m
RI70 D=0 D=0.5 D=1 D=0 D=0.5 D=1 D=0 D=0.5 D=1
0 0.427 0.400 0.364 0.427 0.400 0.364 0.427 0.400 0.364
20 0.407 0.380 0.349 0.396 0.370 0.339 0.384 0.361 0.336
40 0.395 0.368 0.337 0.372 0.346 0.316 0.358 0.333 0.301
60 0.394 0.364 0.330 0.365 0.331 0.296 0.338 0.305 0.274
80 0.409 0.378 0.334 0.387 0.343 0.300 0.370 0.319 0.277
100 0.429 0.396 0.362 0.433 0.405 0.365 0.433 0.409 0.369

*3 T ABEEHMELRER (m™)
Table 3 Specific surface areas of SRM (m'!)

Calv D=0.03 m D=0.04 m D=0.05m
we D=0 D=0.5 D=1 D=0 D=0.5 D=1 D=0 D=0.5 D=1
0 210.6 222.7 237.5 210.6 222.7 237.5 210.6 222.7 237.5
20 194.3 204.2 217.1 190.3 200.6 212.9 186.7 198.5 208.3
40 173.3 183.3 193.3 165.7 174.7 185.6 161.0 173.0 1814
60 150.8 158.1 167.9 139.9 146.5 156.5 135.5 142.9 148.7
80 123.3 130.0 141.2 104.3 112.9 121.5 93.1 101.4 107.6
100 96.2 103.2 110.5 67.3 73.4 78.7 52.6 53.7 60.5

%, WEBTK, HIUBERE L.

(a) Cr=20%,0=0.04 m,D=1 (b) Czx=20%,D=0.04 m,D,=0
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Fig. 3 Velocity contour plots of SRM
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Abstract: Soil structure can improve the stability of soil skeleton. Hence, the void ratio of structured soils is usually higher than
that of the reconstituted soils under the same effective stress. Based on the process of the formation of structured soils, the
influences of the soil structure on the deformation characteristics are analyzed. Besides, the destruction law of the soil structure
in the process of deformation is investigated. A quantitative parameter of the soil structure (relative structure degree) is
proposed. The evolution equation for the new parameter during the deformation is obtained according to the experimental data.
The volume change equation for the structured soil is derived by incorporating the new parameter. The volume change equation
describes the change of the soil structure and compression index of structured soils during deformation. The constitutive model
under triaxial stress state for the structured soils is derived by incorporating the modified cam-clay model. The mechanical and
deformation behaviors of the structured soils are captured by the proposed model. The new constitutive model is able to predict
the mechanical behaviors of the structured soils through the comparisons between the numerical results and the experimental

data from three kinds of natural structured soils.
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Table 2 Parameters for three kinds of structured soils
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Fig. 11 Fitting curve of the structural index
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Experimental study on thermal moisture migration of unsaturated loess
humidified by spherical steam source

LI Jian-dong" 2, WANG Xu" 2, ZHANG Yan-jie!, JIANG Dai-jun!, LIU De-ren!, HU Yuan'

(1. School of Civil Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China; 2. National and Provincial Joint Engineering

Laboratory of Road & Bridge Disaster Prevention and Control, Lanzhou 730070, China)

Abstract: The water-vapor-thermal coupling transport in unsaturated soils is a complex process affected by multiple factors.
The experiment is designed to use the remolding unsaturated loess filling model, and the high-temperature steam with a certain
pressure is ventilated in order to study the law of thermal mass migration in remolded unsaturated loess under the action of
vapor pressure gradient, temperature gradient and water content gradient. Based on the boundary conditions of the model tests,
a set of special solutions to the governing equation for heat-wet transport in unsaturated loess under humidification of spherical
steam source are obtained. The results show that when the spherical steam sources diffuse in unsaturated loess, the migration
range of water and temperature is similar to an ellipsoid. When the water vapor moves along the radial direction, the vapor
pressure gradually dissipates, the migration rate decreases, and the temperature conduction rate decreases. When the vapor
pressure is large, the humidification rate, range and degree will increase. In the effective humidification range, the moisture
content of soils varies between 11% and 17%, which is close to the optimal moisture content of the soils, and the humidification
effect is better. The heat transfer of high-temperature steam in the soils includes the heat transfer caused by the
high-temperature steam and temperature gradient. The effective humidification range is mainly decided by the high-temperature
steam heat transfer, and the temperature migration rate belongs to the rapid migration stage. The temperature migration outside
the effective humidification range is mainly decided by the heat transfer caused by the temperature gradient, which belongs to
the slow migration stage. The comparison between the measured and calculated values shows that the algebraic explicit
analytical special solution can better reflect the variation law of soil temperature and moisture content in the experiment. The

research results can provide a theoretical reference for the new technology of water-heat coupled migration and vapor

humidification in unsaturated loess. —
Key words: unsaturated loess; hydrothermal migration; ESWA: EFRAARFELTH (41662017, 51868038); [EZKH £
WFR I H (2017YFB1201204)

KRS EHR: 2020 - 12 - 02
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Table 1 Indexes of loess properties
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Fig. 2 Model filling and layout of testing elements
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Fig. 4 Layout of testing points for moisture content
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Fig. 5 Variation of radial moisture content along depth after 6.5 h
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Fig. 6 Variation of moisture content in radial direction after
humidification of 6.5 h
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Fig. 7 Distribution of moisture content in plane of ventilation point
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Fig. 8 Variation of temperature with time above ventilation point
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Fig. 9 Temperature transfer in plane of ventilation point (0.10 MPa)
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Fig. 10 Variation of the isothermal line of 25°Cwith time
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%’ﬁ: NI‘ET,I %*ﬂ‘/ﬂ’l /El\7k$ [Elc}g
t/s X y w/% g/C
y" vAY
Z?; 0 0 0 7.04 20
23400  0.3600 0 12.20 —
23400  0.5400 0 10.04 30
- 23400 0 0.1800  14.14 —
app 23400 0 0.3600 — 90
23400 0 0.5400  10.79 25
23400  0.1273  0.1273 — 98
23400 0.2546 02546  12.20 25

eI N R AN ER U



%4 FHIR, S BRRAGRIGIRAR A KB IRRT 693

3.281x10°°
2.35x107
0.0704
20.0
Find(C,,C,,C,,C,,Cy, CyCr G, Gy, Cy) = 4 41843107 L
236.558

-291.316
—0.1851
~0.03893
~0.00879

ESRZHHREA I E L, (HERRE &M T A
AHERBERWEE S, TENRER, SRR S L
(KRS R AR S, T (R AR50 A 70 ¢
BB MRS L . IS S Ra e T AR UE AR ST,
3.2 HEHRSH

W 11 s, 7255 9 E 3 GBI S BT e P D,
WPERE S 0, 18, 36, 54, 72 cm 1 6 MNRSE 9
AN E SEME SR IME,  S5iHEE R LT

20 -
—Oo— KAPIWME 100
18 L —— KAHEE
—— MRS
16 L ——WEHSE |,
St
g 160
wl2y =
10} 140 %
8r 120
6
1 1 1 1 1 1 1 1 0
-10 0 10 20 30 40 50 60 70 80

FEES /em
11 HREEMEKELNESIHHEEX R

Fig. 11 Comparison between measured and calculated soil
temperatures and moisture contents
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Development and application of an oedometer with negligible side-wall
friction for rockfill materials

WANG Long', ZHU Jun-gao', YUAN Jun-ping!, LU Yang-yang®
(1. Key Laboratory of Ministry of Education for Geomechanics and Embankment Engineering, Hohai University, Nanjing 210098, China;

2. Geotechnical Engineering Department, Nanjing Hydraulic Research Institute, Nanjing 210024, China)

Abstract: The oedometer is one of the most commonly used apparatuses to investigate the long-term deformation behaviors of
rockfill materials. However, the side-wall friction restrains its application. To overcome this limitation, an oedometer that can
provide long-term and stable loading and measure the side-wall friction is developed. The main features of the apparatus are
presented. To minimize the side-wall friction, the linings that consist of spaced and greased Polyamide plates are used to cover
the oedometer wall. The consolidation tests are carried out to evaluate the performance of the anti-friction linings with layers in
the range of 1~3 and with layer thickness of 0.3 and 0.5 mm, respectively. The best test results are obtained by using 3 layers of
0.5 mm-thick linings. At the same vertical stress, the side-wall friction is 91% smaller on average while the vertical strain is
20%~80% larger with 3 layers of 0.5 mm-thick anti-friction linings than that without linings. Therefore, the proposed method is
chosen to reduce the side-wall friction, and the creep tests are carried out on air-dried rockfill materials. The test results show
that the vertical strain at the end of the tests and the coefficient of the secondary consolidation are about 1.0 and 1.2 times larger
with 3 layers of 0.5 mm-thick linings than those without linings. The apparatus substantially reduces the side-wall friction and

improves the accuracy of creep test results.

Key words: rockfill material; negligible side-wall friction; oedometer; lining; creep test
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Characteristics and influencing factors for propagation of primary and
secondary cracks in sandstone based on CT scan

WANG Shuai?, XU Ying" 2, ZAHNG Yan-bo" %, YAO Xu-long" %, LIU Xiang-xin" %, LIANG Peng"*
(1. College of Mining Engineering, North China University of Science and Technology, Tangshan 063210, China; 2. Mining Development

and Technology Safety Key Lab of Hebei Province, North China University of Science and Technology, Tangshan 063210, China)

Abstract: In order to study the initiation and propagation of the primary and secondary cracks under compressive stress
conditions, the CT tests are conducted on the fracture process of sandstone under uniaxial compression, and the morphological
characteristics of the primary and secondary cracks in sandstone are analyzed. Meanwhile, the surface area and volume of the
primary cracks and the fractal dimension of the secondary cracks are quantitatively discussed at different deformation stages of
sandstone. The length and number of the primary and secondary cracks are calculated at different heights of sandstone using the
software Image pro plus 6.0 and Image J to study the propagation and influencing factors of the primary and secondary cracks.
The results show that the primary cracks initiate on the sandstone surface in two different directions, and the growth rates of the
surface area and the volume of the primary cracks vary with the increase of the load level. Many secondary cracks are produced
around the primary cracks. The fractal dimension of the secondary cracks increases nonlinearly with the increase of the load
level. Under different load levels, the length and number of the primary and secondary cracks at different heights of sandstone
vary. Before the failure of sandstone, the main factor affecting the propagation of the primary and secondary cracks is the length
of the primary cracks. After the failure of sandstone, the main factor affecting the propagation of the primary and secondary
cracks is the length of the secondary cracks. The conclusion lays a theoretical foundation for the prediction and analysis of rock
failure and instability in the future.

Key words: CT scanning test; primary cracks; secondary crack; load level
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Fig. 2 Stress-strain curve of sandstone
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Fig. 7 Curves of surface area and volume of primary crack

changing with load level
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Table 2 Variation of surface area and volume of primary cracks
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Fig. 8 Three-dimensional fractal dimensions of secondary cracks
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82.3 mm ¥ F] 82.8 mm FHIF/NF] 19.1 mm. KAEZR
S K I 5 D o v 38 0 2 8/ i 388 o P08
/N, MK 267.5 mm /N 175.9 mm JE 0 E] 189.9 mm

/N 185.7 mm.
3.2 FREGKEWFN

NT ANAFERIREAKTE T, FRAA, CKE
AR ARG FEX A FRFEFE s, it T
FRGAWKE, FRYC HEKEMRAERSINKE
HROUGKEWWESE , &,, &, B HERRNE
AR EERER 27 SNY e s P V) € S 33 @ N DO E S I3E il f]
oM, LUK, REINRGY R WESREE, &

Xt ETHE AR R
LA _ Lc _ Ls
éI:LZ ’ éz_LZ’ é3_Lz ’ (3)

X, L AERGCA K, Lo NERLC K,
Ly NIRERGUOKE, L, ARG B K.

x5 NEEHAKET, WEARSEMEERAKENEL
Table 5 Change in length of the primary crack at different heights

of sandstone under different load levels

K J¥ /mm

=3 P=70% P=90% RIS
/mm R EFH R FH O EFH O EH
oL A o4 C DA HLC YA ZC
10 11.4 6.3 127 516 8.8 823
30 13.1 9.2 194 243 890 828
50 14.5 18.9 51.8 27.1  85.1 68.5
70 18.0 11.7 58.0 0 72.6  29.0
90 19.9 0 52.4 0 83.7 19.1

B 10 AR AT, WEe, &, &5
A A E MR RIL, ME 10 ITLUE H,
TERTEKT P=T0%M B, RS AL CIEEE . &,
PR A LU LA &, K FEAT 2K P=90% B, 7
WEREE/NT 50 mm B, EREC M E, kg
ROt e, K, fERE SE KT 50 mm B, FR4L
A [EAE & LR A B B ¢, K5 RV AR R Y
B, WAERGNEE ERLA A, CHtkfEe, ¢,
Ko WEIERD AR AT AR 3 R8I =R RR 8
X EA LR ARG R R RS, TR SR
Je, RARGE T X R R 338 o X,

* 6 NEEHEAKTET, WERRSEMERERINFHLKE

Table 6 Number and length of secondary cracks at different heights of sandstone under different load levels

AN [5) v A B A IR A B ST 25 B 4% E ARG

ﬁ%£<$ 10 mm 30 mm 50 mm 70 mm 90 mm
° 3 £ & /mm 0 KE/mm & KE/mm B KEmm %% KE/mm
70 0 — 0 — 0 — 1 7.52 0 —
12.11, 6.05, 10.47, 14.37,
90 3 008 1 19.3 1 19.3 3 5 10 2 9.14, 10.67
18.9, 32.5, 20.6, 20.3, 44, 6.0, 475 144, 201, 193, 435,
17.2, 29.6, 8.7, 6.6, 22.8, 10.9, 20.0. 144 75 18
IR 12 40.8, 9.0, 9 26.9, 22.8, 10 269, 12.0, 8 14'4’ 8'1’ 41'5’ 31'0’
49, 2.0, 37.2, 21.2, 14.8, 157, 12.8, 39'8’ 49’7 : ’242' ’
5.69, 16.1, 2.4 55.2 16.9 DA :
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Fig. 9 Relationship between length of primary cracks and different

heights of sandstone
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Fig. 10 Relationship between scaling coefficient and sandstone
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A Picard SEAEIEIAR LB R AR FAARS

RN O, A0, TN, RALA
(1. FPRASIE A L X M il TR R A s %, LR 400074 2. FRAELT RSB S HA TR R, 1)1l K& 610059;
3. PURZCE R TRER, W) pHS 610031)

& . Richards J7F2) 12 B T ARMEARB R B A L K FARAR OGS TERUE R g rh, P DR A BRAR BT
HAAR B, B Picard 77 ATIRAR MR, SR, v T IRA3 PTSErER I BUE /R, 8 550 A i) 2 RD KR AR/
(1, REARIE SR BB KT, LB NE T @i, XA E R, ERAUS. Fit,
454 Chebyshev TERMAR ST MRS, SR T —FhBE T35 STRE (190 J2 0 R RS 132 1 80k Picard #4877 (NTG-PD .
W 3 NEBEABRSEG, FE SRR RN, SO VAR IR R SR AN R AT T IR . 4
L, AHXFTAESEN) Picard J7 ik H 3ERAASH Picard J7i%, $2H 17572 NTG-P1 R] LAZE R/ (1) BT s 30 F S5 5
BB RERE, DLABGRMITHSRCR . %7kl DS IR RS I SUE R — e 5% .

KHEIR): ARMABI: Picard iR BUEKEEE: A¥ISIMEE: W2 MARIRIET %

FESHES: TU4114 XERFRIRAS: A XEHS: 1000 - 4548(2022)04 - 0712 - 09

fEH-N: KINEA992— ), 5, W-EBd, EEMNIEE L TREEE 75577 M5 TA/E. E-mail:

zhushuairun@163.com.

Application of improved Picard method in unsaturated seepage

ZHU Shuai-run" 2, LI Shao-hong®, HE Bo" 2, WU Li-zhou!
(1. State Key Laboratory of Mountain Bridge and Tunnel Engineering, Chonggqing Jiaotong University, Chongqing 400074, China;

2. College of Environment and Civil Engineering, Chengdu University of Technology, Chengdu 610059, China; 3. Department of

Geological Engineering, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: Richards’ equation is widely used in the simulation of unsaturated seepage and related fields. In the numerical
solution, the finite volume method can be used for numerical discretization, and then the Picard method can be used for iterative
solution. However, in order to obtain reliable and accurate numerical solutions, the spatial step size of a uniform grid is usually
very small, especially under some unfavorable numerical conditions, such as rainfall infiltration into dry soil, which often
makes the iterative process time-consuming or even unable to converge. Therefore, combined with the non-uniform grid in the
form of Chebyshev, an improved Picard iteration method (NTG-PI) is proposed based on the non-uniform two-grid correction
scheme. Through three examples of unsaturated seepage, the numerical accuracy, convergence rate and acceleration effect of
the improved algorithm are validated by comparing the traditional methods and analytical solutions. The results show that
compared with the traditional Picard and the adaptive relaxation Picard methods, the proposed method NTG-PI can obtain
higher numerical accuracy with a smaller number of discrete nodes, and also has higher computational efficiency. The proposed

method can provide a reference for the numerical simulation of unsaturated seepage.

Key words: unsaturated seepage; Picard iteration; numerical accuracy; non-uniform grid; two-grid correction scheme
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different iteration methods and exact solutions



% 4 3]

SR, S, BSGHER Picard iALE AR LA B H K ST E 717

10°F _ NTG-P1(N=400
| NTE-PIN=400)

102} ¥
s, N-P1(N=100)
s ™"
1§ 107+ “‘.‘a
' iR ' T W
L% ~—NAR-P1(N=100) Mo
107 I T,

NTG-E1(N=200)

‘ NTG-P1(N=100)

0 50 100 150 200
HERWBUK

4 LEBARRE R AR %

Fig. 4 Comparison of convergence rates for different iteration

methods

1 1=6h RARAENBIERELL

Table 1 Comparison of numerical accuracy of different methods at
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RSE RE/% MRE/%
Gt ’ ’
N At Pl NTG-PI PI NTG-PI PI NTG-PI

0.10 0.135 1.6X10% 5.87 1.330 5503 2.98
100 0.05 0.138 9.1X103 6.70 0.570 55.44 3.25
0.01 0.141 59X103 7.35 0.032 5576 3.46
0.10 0.121 1.5X102% 4.67 1460 5632 1.87
200 0.05 0.123 7.7X10° 5.52 0.710 56.75 0.94
0.01 0.126 2.0X103 6.19 0.100 57.09 0.83
0.10 0.090 1.5X102% 2.57 1490 53.15 1.86
400 0.05 0.093 7.7X103 344 0.740 53.67 0.93
0.01 0.095 1.6X103 4.14 0.130 54.09 0.18

R 2 & N= 100 B LA 75 AR T N-PTAIANIEREE
Table 2 Comparison of speed-up ratios of improved schemes

relative to N-PI when N= 100
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Table 3 Fitting values of parameters
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Fig. 5 Fitting curves of SWCC
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Table 4 Comparison of speed-up ratios of improved schemes

relative to N-PI under different SWCCs

%/fq: buiﬁ tt SN-P[/NTG-P[
N Gardner van Genuchten
120 1.66 1.38

240 2.39 2.30

480 3.35 4.23
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Table 5 Model parameters for two-layer soil slopes
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Fig. 7 Computed profiles of pressure head for two-layer soil slopes
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Fig. 8 Computed profiles of Fs for two-layer soil slopes

{FFSRE B Ch(z,t) ) RN (37) \TLL

AT REES . K S AHTHLEM van
Genuchten BRI ZHGU0L, JECd F A& R R KAz, 8 X
HNh(z=0,6)=0, THiHFZMH FREH:
{KQE+K} —g (t<t) » (39
Z =L,+L,
’ﬁz:LﬁLz =h, (=t) (39)
A, ARGERBUKINTE], - g, 2R 2 BRI TA) 2 T RK

IS T B 398 2 THI P B WO B, g R ak BIRK N 8] f&
Kk Bk q =K, /4, h=0 LARBITEZAT A h(z,
t=0)=-2zx10 mo 7 ELI PRI [E 25350008 2 h
F10.01h, A5 5% Ni=60, N>=40.



% 4 3]

SR, S, BSGHER Picard iALE AR LA B H K ST E 719

Bl 7 o= 1 A 37K Sk I o R T 1] AR S T 384K
M7 F T A PR s 37K S AB A SR 3G . 5 NTG-PI
HALE, A2 50715 PLAS R 17K Sk Bt B w1 F) 1
INAE F AL SR X AT REARA, 1 P92 L IAE
FAL e R, W 8 Fivn. AR W, BEWT
e rp b R AR AN o 2 562 R R 79 2 38 s oKk Sk
5345, $RHHT77E NTG-PL 1547 )2 L ARSI
AL AT DA SAS S T 5 A SRR R B A R 3R S
ot

5 &

AL L4 Chebyshev %31 AR5 5 WA AT 2 )
FERSIEFARIR T — P LT3R 35 5 A& 1R 2 AR AR
1BV Picard A7V, @i JEHuFnzm S e 4T
TEHIE, {EX RO R A

(1) FEATS RAUE SRR, el 2 75 PRAR AR
EH, RIS A A P KA RN, A RESRAR
AIEEEUERE . £ —SARIRBEF T, BlIAE
T TR L BEE REE R K JE L, XA
AR, H AR RIR I G o RS FE
Chebyshev J& xRS 5] k& Ad F A2 5% R 25005 b b
NG, [FIB RO S E A . XA
PARR T8 T B FF 3R 15 B m 5 BB A

(2) %45 Picard J7ikH XA 5 FELH ISR 77
EIEE K EE ok, BANZ A RIS
SEERR, (ABEESHCT R N, HitEERE
N HE G m, TR R E R ST
NTG-PI # K H Gauss-Seidel 2EAEACE = v ok E
RNFEARLENETTRER M7k, SRR RN, HRH
ST E R IEAT R B 1R, i — P11 Picard i%
RITVESAT RIS

(3) BUAELREY], 5 N-PI H NAR-PI AL,
PRI E NTG-PI BA AR . FE Ml T4
IWILEFAE T, NTG-PL 15 2| EEMA S A A
BRI —8E . tbAh, NTG-PI 45 25 BUE fd vl LA
TR I HO IR 3 J2 b S AL R J1 K Sk 8 . T &
2, H51&E41 Picard HiEAMHEL, NTG-PI nJ LATE% />
(R B HICTT RUECT SRAS B i BB B B e, AR
HREMTERCR,

SE -

[1] 8, REK, & %, 55 BEHUHR AL BT
T ERAE R E NI BT TR, 2020, 42(4):
705 - 713. (LI Meng-zi, CAI Guo-qing, LI Hao, et al.

Stability of infinite unsaturated soil slopes with tensile

strength cut-off[J]. Chinese Journal of Geotechnical
Engineering, 2020, 42(4): 705 - 713. (in Chinese))

[2] BNME, XURT, KR % BTG T SRS
RO N FE R AR T SERE T [T]. A R TR
%, 2017, 39(6): 1065-1073. (QIN Xiao-hua, LIU
Dong-sheng, SONG Qiang-hui, et al. Reliability analysis of
bedrock laminar slope stability considering variability of
saturated hydraulic conductivity of soil under heavy
rainfall[J]. Chinese Journal of Geotechnical Engineering,
2017, 39(6): 1065 - 1073. (in Chinese))

[3]1 WU L Z, SELVADURAI A P S, ZHANG L M, et al
Poro-mechanical coupling influences on potential for
rainfall-induced shallow landslides in unsaturated soils[J].
Advances in Water Resources, 2016, 98: 114 - 121.

[4] Frikot, &M, MONIR, 5. A B IE R AR TR
Ve AR SRR R U R ()], A £ TRESAR, 2021,
43(12): 2149 - 2158. (CHEN Yong-gui, CAI Ye-qing, YE
Wei-min, et al. Progresses in researches on adsorption and
migration properties of bentonite colloids and their
co-migration with nuclide in repository[J]. Chinese Journal of
Geotechnical Engineering, 2021, 43(12): 2149 - 2158. (in
Chinese))

[5] RICHARDS L A. Capillary conduction of liquids through
porous mediums[J]. Physics, 1931, 1(5): 318 - 333.

[6] WU L Z, HUANG J S, FAN W, et al. Hydro-mechanical
coupling in unsaturated soils covering a non-deformable
structure[J]. Computers and Geotechnics, 2020, 117: 103287.

[7] SRIVASTAVA R, YEH T C J. Analytical solutions for
one-dimensional, transient infiltration toward the water table
in homogeneous and layered soils[J]. Water Resources
Research, 1991, 27(5): 753 - 762.

[8] TRACY F T. Clean two- and three-dimensional analytical
solutions of Richards' equation for testing numerical
solvers[J]. Water Resources Research, 2006, 42(8): 1 - 11.

[9] PANICONI C, PUTTI M. Physically based modeling in
catchment hydrology at 50: survey and outlook[J]. Water
Resources Research, 2015, 51(9): 7090 - 7129.

[10] ZHA Y Y, YANG J Z, SHI L S, et al. Simulating
one-dimensional unsaturated flow in heterogeneous soils with
water content-based richards equation[J]. Vadose Zone
Journal, 2013, 12(2): 1 - 13.

[11] AN H, ICHIKAWA Y, TACHIKAWA Y, et al
Three-dimensional finite difference saturated-unsaturated

flow modeling with nonorthogonal grids using a coordinate



720 "+ T OB % M

2022 4E

transformation method[J]. Water Resources Research, 2010,
46(11): 1 - 18.

[12] ZHANG Z Y, WANG W K, YEH T C J, et al. Finite analytic
method based on mixed-form Richards' equation for
simulating water flow in vadose zone[J]. Journal of
Hydrology, 2016, 537: 146 - 156.

[13] HERRERA P A, MASSABO M, BECKIE R D. A meshless
method to simulate solute transport in heterogeneous porous
media[J]. Advances in Water Resources, 2009, 32(3):
413 - 429.

[14] WU L Z, ZHU S R, PENG J B. Application of the Chebyshev
spectral method to the simulation of groundwater flow and

landslides[J].  Applied
Modelling, 2020, 80: 408 - 425.

[15] LOTT P A, WALKER H F, WOODWARD C S, et al. An

rainfall-induced Mathematical

accelerated Picard method for nonlinear systems related to
variably saturated flow[J]. Advances in Water Resources,
2012, 38:92 - 101.

[16] BRENNER K, CANCES C. Improving Newton's method
performance by parametrization: the case of the richards
equation[J]. SIAM Journal on Numerical Analysis, 2017,
55(4): 1760 - 1785.

[17] ZENG J C, ZHA Y Y, YANG J Z. Switching the Richards’
equation for modeling soil water movement under
unfavorable conditions[J]. Journal of Hydrology, 2018, 563:
942 - 949.

[18] ZHA Y Y, YANG J Z, YIN L H, et al. A modified Picard
iteration scheme for overcoming numerical difficulties of
simulating infiltration into dry soil[J]. Journal of Hydrology,
2017, 551: 56 - 69.

[19] FARTHING M W, OGDEN F L. Numerical solution of
richards' equation: a review of advances and challenges[J].
Soil Science Society of America Journal, 2017, 81(6):
1257 - 1269.

[20] CHAVEZ-NEGRETE C, DOMINGUEZ-MOTA F I,
SANTANA-QUINTEROS D. Numerical solution of
Richards’ equation of water flow by generalized finite
differences[J].
168 - 175.

[21] DOLEJSI V, KURAZ M, SOLIN P. Adaptive higher-order

Computers and Geotechnics, 2018, 101:

space-time discontinuous Galerkin method for the computer

simulation of variably-saturated porous media flows[J].

Applied Mathematical Modelling, 2019, 72: 276 - 305.

[22] CELIA M A, BOULOUTAS E T, ZARBA R L. A general
mass-conservative numerical solution for the unsaturated
flow equation[J]. Water Resources Research, 1990, 26(7):
1483 - 1496.

[23] LIST F, RADU F A. A study on iterative methods for solving
Richards’ equation[J]. Computational Geosciences, 2016,
20(2): 341 - 353.

24] Bk W, TR, FRHERL AEERER Richards 77 R EE
SRR R ba ot 7 3k [T, 55 & f1%E, 2012, 33T 1):
237 -243. (CHEN Xi, YU Yu-zhen, CHENG Yong-gang.
Under-relaxation methods for numerical solution of Richards
equation of variably saturated flow[J]. Rock and Soil
Mechanics, 2012, 33(S1): 237 - 243. (in Chinese))

[25] 30, SHHE, FEE. T HENRM Picard LR
MAEMAMBRA RG] & 1%, 2016, 37(1):
256 - 262. (LI Wen-tao, MA Tian-tian, WEI Chang-fu. An
efficient finite element procedure for unsaturated flow based
on adaptive relaxed Picard method[J]. Rock and Soil
Mechanics, 2016, 37(1): 256 - 262. (in Chinese))

[26] BENZI M. Preconditioning techniques for large linear
systems: a survey[J]. Journal of Computational Physics, 2002,
182(2): 418 - 477.

[27] WANG K, ZHANG J. MSP: a class of parallel multistep
successive sparse approximate inverse preconditioning
strategies[J]. SIAM Journal on Scientific Computing, 2003,
24(4): 1141 - 1156.

[28] LIU C Y, KU C Y, HUANG C C, et al. Numerical solutions
for groundwater flow in unsaturated layered soil with extreme
physical property contrasts[J]. International Journal of
Nonlinear Sciences and Numerical Simulation, 2015, 16(7/8):
325 - 335.

[29] BRIGGS W L, HENSON V E, MCCORMICK S F. A
Multigrid Tutorial, Second Edition[M]. Philadelphia: Society
for Industrial and Applied Mathematics, 2000.

[30] IVERSON R M. Landslide triggering by rain infiltration[J].
Water Resources Research, 2000, 36(7): 1897 - 1910.

[31] GARDNER W R. Some steady-state solutions of the
unsaturated moisture flow equation with application to
evaporation from a water table[J]. Soil Science, 1958, 85(4):

228 - 232.



A4 E AW “ + T

2022 4 4 H

Vol. 44 No.4

E I

Chinese Journal of Geotechnical Engineering Apr. 2022

DOI: 10.11779/CJGE202204015

SINEF oI EELER RBF E @S HIEE

F R, Ird, EE2R, BRE
CRACKE VR 5 oA TRSEBE, IT5 JB 110819)

8 B SRR E 10 AL TR AR B U SR EE SR R A, B BB A I S MRS M T (PR SRR, 1T ER %
RAESHOEHI RO FEAR R G — MG REER AL RS, NS NRF /Ml 1E bR ib se sl 2 5 e vy
BRFNERZEEL, B IE AR e bR R B 1T RBF #1240 28 25 1 Sc IR AR 2R 1 S50 2R M Bl i), SEPRig AT i 2
HIRHL 6 A WS R TR RS B2 (G0 T S 80OF L IRC RERR, MEE 76 LHUIGFEAR 37 HMNKFEAR, #LT — R
WA RIS R AR A ERE R 2 4R R & S50, R [F 2 K & E M & o B0 E IR s HOEE, @
T S A T A X R ZE A T R ECHAT PERE VP o R P REAS SO N A0 45 M T BB SEAR B0 TIE T AL R TODRG B o it
JE BT T R4 AT R FH R AT B PR 22 20 1T

KHEIR: A A AN HIREEE: RBF MM BIF0HT

FESHES: TU4S2 XHRFRIRAD: A XEHS: 1000 - 4548(2022)04 - 0721 - 10

fEEREN: 7 2(1997—), B, HLwsiE, FENFEAY)IZ T . E-mail: neuyinhong@]126.com.

RBF composite parameter model for structural surface roughness
with factor analysis

YIN Hong, WANG Shu-hong, DONG Zhuo-ran, HOU Qin-kuan
(School of Resources and Civil Engineering, Northeastern University, Shenyang 110819, China)

Abstract: The characterization of the structural surface roughness is the groundwork for predicting the peak shear strength. The
single parameter cannot fully reflect the characteristics of structural surface morphology. The index system composed of some
single characterization parameters is a nonlinear system with much overlapping information. The factor analysis is conducted to
reduce the dimension and strip the overlapping information by canonical normalization. At the same time, the standardized
index system is transformed from nonlinear into linear by the RBF neural network structure. In practice, 6 statistical parameters
reflecting the structural surface roughness are selected, the inverse calculation of JRC is established, 76 training samples and 37
group test samples are built. The multi-index composite parameters are established considering the characteristics of
embossment of joints, such as height, angle and contact degree. In the mean time, the number of neurons in the hidden layer is
fixed to improve the calculation speed. The prediction accuracy of the model is verified by the sample data and the direct shear
tests of rock joints. The relative error and determination coefficient are calculated through the measured data to evaluate the
performance. Finally, the applicability of the factor analysis and possible error analysis are discussed.

Key words: rock; structural surface; roughness; RBF neural network; factor analysis
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Table 4 JRC values of S-A joints measured by different methods

fébn mUME ROKE CPIE SKIME AXIRE%

RBF 4.01 8.69 6.34 6.53 2.9~7.86
V4 2.13 9.02 4.78 6.53 26.7~38.1
Ry 3.87 9.34 5.20 6.53 0.3~43.02
SDi 3.45 10.78 7.94 6.53 21.6~37
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Numerical simulation of abrasive water jet impacting porous rock based on
SPH method

ZHOU Xin-chao, MA Xiao-jing, LIAO Xiang-yun, QI Si-wei, LI Hong-yu
(College of Electrical Engineering, Xinjiang University, Urumqi 830047, China)

Abstract: Shale contains pores. The abrasive water jet technology is used to extract oil and gas resources inside the shale, and
the impact process is affected by the pores. For the damage process of abrasive water jet impacting the pore-containing rock,
according to the basic principle of smoothed particle hydrodynamics (SPH) method, the abrasive water jet and the
pore-containing rock are discretized into a series of particles, and a dynamic model for the abrasive water jet impacting the
pore-containing rock is established by the constitutive relationship of NULL and H-J-C to describe the mechanical properties of
abrasive water jets and rock respectively. The effectiveness of the established model is verified and analyzed by simulating the
impact of abrasive water jet on the rock and comparing with the existing research results. On this basis, the dynamic damage
process of the abrasive water jet impacting the pore-bearing rock is simulated, and the effects of pore characteristics and jet
parameters on the damage degree of rock are also analyzed. The simulated results show that the velocity of abrasive water jet
and porosity of rock have significant effects on the breaking process of the rock, while the size and distribution of the pores can
affect the breaking shape of the rock, and other factors have different influences on the damage degree of rock. The research
conclusion can provide theoretical support for improving the rock-breaking efficiency of water jet in engineering.

Key words: SPH method; abrasive water jet; construction of discrete pore; filler; random distribution location
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Table 2 Parameters of constitutive model for shale
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Fig. 6 Model for abrasive water jet impacting pore rock
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Finite element numerical simulation of single pile under horizontal cyclic loading
considering softening effect of soft soil

MU Dong-lin', TIAN Ying-hui’>, WANG Le!, XIAO Zhong'
(1. State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300072, China; 2. Department of

Infrastructure Engineering, The University of Melbourne, Melbourne Australia)

Abstract: The single pile foundation in marine environment is subjected to long-term cyclic loading due to wind, waves and
currents. Under the cyclic loading, the interface shear stress between pile and soft soil and the shear strength of soft soil around
the pile will decrease, thus affecting the bearing characteristics of pile foundation. The cyclic interface friction coefficient
between Q235 steel and Tianjin coastal soft clay is obtained through the interface shear tests, and the cyclic softening
parameters of Tianjin coastal soft clay are obtained through the dynamic triaxial tests, which provides a method to obtain the
parameters for quantifying the cyclic friction characteristics of pile-soil interface and the cyclic softening characteristics of soft
soil around piles. On this basis, a finite element model for single pile foundation in undrained soft foundation under horizontal
cyclic loading is established with the combination of the constitutive model for soft soil, which can consider the strain softening
effect of soft soil. The development laws of pile head displacement and reaction response and pile section bending moment
under horizontal cyclic loading are studied while the development law of softening area of soil around the pile under cyclic
loading is obtained. The calculated results show that the softening area of soil around the pile foundation develops continuously
with the increase of cyclic number. Meanwhile, the softening zone of soil has a high degree of development along the depth
under the action of high horizontal cyclic displacement. The position corresponding to the maximum bending moment of pile

body moves downward.

Key words: finite element numerical analysis; interface shear test; dynamic triaxial test; single pile foundation
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Time-behavior of pile groups based on fractional derivative soil model

Al Zhi-yong" 2 YE Zi-kun' 2, LIU Wen-jie"-?
(1. Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China; 2. Key Laboratory of Geotechnical and

Underground Engineering, Ministry of Education, Shanghai 200092, China)

Abstract: Based on the finite element method, the finite element equations for the vertically loaded pile groups are established
by dividing the pile groups into a number of 2-node elements. To simulate the rheologic properties of saturated soft soils, the
stress-strain relationship of the fractional Merchant model is derived by the Laplace transform. The elastic-viscoelastic
correspondence principle is introduced to obtain the boundary element solutions for the fractional transversely isotropic
viscoelastic saturated soft soils. In light of the displacement continuity of pile-soil interfaces, the governing equation for the
interaction between the pile groups and the soils is derived by coupling the finite element equations for the pile groups and the
boundary element ones for the soils. Later, the time behaviors of each state variable for the pile groups can be solved by
introducing the displacement conditions of the pile cap. Based on the foregoing theory, numerical examples are griven to verify
the rationality of the proposed method, and then the influences of fractional numbers on the time-dependent behaviors of the

pile groups are discussed.

Key words: fractional derivative; viscoelasticity; transverse isotropy; layered saturated soft soils; axially loaded piles; boundary

element-finite element coupling method
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Fig. 5 Variation of vertical displacement of the pile cap with time
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Fig. 7 Distribution of pore water pressure along axis of central pile
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Permeation process of clay under different stresses

SONG Lin-hui', WANG Xing-ya', WU Hao-yu!, ZHOU Ke-fa?, MEI Guo-xiong®
(1. School of Physical and Mathematical Sciences, Nanjing TECH University, Nanjing 211800, China; 2. Dam Safety Management

Department, Nanjing Hydraulic Research Institute, Nanjing 210029, China; 3. College of Civil Engineering and Architecture, Guangxi

University, Nanning 530004, China)

Abstract: Permeability is one of the important engineering properties of clay. It is characterized by the permeability coefficient,
and its mechanism lies in the permeability process of water in clay. In order to describe the permeation process of clay, the
developed rigid wall consolidation infiltration device is used to carry out clay seepage tests under 9 stress conditions. The water
transfer rate and flow rate at different positions of the clay are quantitatively analyzed by the fluorescence tracing technique.
The results show that the water transfer rate on the same cross section of the sample varies widely, and the distribution is very
uneven. The dominant channel is easy to appear in the seepage process, and the distribution of the dominant channel is random
and irregular. Under the influences of hydraulic seepage consolidation, there are also differences in permeable rate and flow rate
on different cross sections. The parametric value of the soil layer near the water body is the largest and shows a decreasing
trend along the seepage direction. The permeable rate and flow rate of clay both increase with the increase of hydraulic gradient
and decreases with the increase of consolidation pressure, but the hydraulic gradient is more significant than consolidation

pressure in terms of influence degree.

Key words: clay; permeation process; fluorescence tracer; permeable rate; flow rate
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R AR E B, R JE T EAR AR EAL 5%
JeF SR, HETH T ZAL R A KB RIE, I
SNEKE, B PR BRI AT A, Y
IKIER L rgE e

1 REHRE
1.1 RETR
IEHL 100, 200, 300 kPa 3 F[#H 25 & F1{EH I+
IR, HIZRE LR 5BEKEZ N 18
0.5, 1:1.0, 1:15msdEKE, LT 9 il
(T1~T9), RIEIE T EWE 1w,
F=1REMBHF R

Table 1 Loading schemes of tests

RIEHMT  [FLEEN plkPa  BIBEKIE pw/kPa [k /It
Tl 100 50 1:05
T2 100 100 1:1.0
T3 100 150 1:15
T4 200 100 1:05
T5 200 200 1:1.0
T6 200 300 1:15
T7 300 150 1:05
T8 300 300 1:1.0
T9 300 450 1:15

1.2 I

58 FH LA e AR X — AN ST i,
Bty o AT BRI AR (R 1, L is B S =,
0 SN R (S = 3 7S/l B 7 0 A= R =
2 2 fow, WAAEEWMRE 3 k.

R2 MRS H
Table 2 Physical parameters of soil

ROk AE X

fﬁ%ﬂ:‘g EE‘EE we/% ;‘;@‘ﬁj’giﬁ Ir

2.68 383 19.3 19.0
RI FINEHNESESE
Table 3 Percentages of particle size of clay
RifEie > 1.0~ 0.5~ 025~ 0.075~ <
F/mm 1.0 0.5 0.25  0.075 0.005 0.005
EE/% 00 05 1.9 3.4 67.3 26.9

WIR wi/%

FH b 20 mT W RS AR R PR R -
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Fig. 1 Container of penetration tests
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HERHAGER A RA R A= PR o] W e g, Pk
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Table 4 Physical parameters of soil after consolidation

i R p /(g em’) BRI wi%

s Ll L2 L3 Ll L2 L3
Tl 197 198 198 323 304 298
™ 198 1.99 199 305 301 295
T3 198  1.99 200 289 273 269

T4 2.00 2.01 2.01 26.2 25.9 25.4
T5 2.00 2.01 2.02 26.1 25.6 253
T6 2.01 2.01 2.02 26.0 25.4 25.1
T7 2.01 2.02 2.03 25.5 24.2 23.7
T8 2.02 2.02 2.03 253 23.5 233
T9 2.04 2.05 2.05 24.1 23.1 23.1
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Fig. 5 Distribution of permeable rate of each soil layer
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Fig. 7 Variation of average permeable rate with height
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Brittleness evaluation method based on pre-peak crack initiation and
post-peak characteristics of rock

GAO Mei-ben' 2, LI Tian-bin’, CHEN Guo-qing®>, MENG Lu-bo?, MA Chun-chi?>, ZHANG Yan?,
YIN Hong-yu?, ZHONG Yu-yi*
(1. School of Emergency Science, Xihua University, Chengdu 610039, China; 2. State Key Laboratory of Geohazard Prevention and

Geoenvironment Protection, Chengdu University of Technology, Chengdu 610059, China)

Abstract: The existing researches show that the brittleness of rock is closely related to the initiation and propagation of internal
microcracks, but there are few brittleness evaluation indexes considering the characteristics of rock initiation. Based on the
theoretical analysis of brittleness and the characteristics of rock initiation, a brittleness evaluation method is proposed based on
the pre-peak initiation and post-peak characteristics of rocks. Firstly, based on the descriptions and definitions of brittleness by
George, Tarasov & Potvin et al., the feasibility of evaluation method based on the pre-peak crack initiation and post-peak
characteristic brittleness is theoretically analyzed. Secondly, component Bi representing pre-peak brittleness of rocks and
component Bii representing the post-peak brittleness of rocks are constructed, and the product of the two is the brittleness index
Bi representing the pre-peak fracture initiation and post-peak stress drop. Finally, it is verified based on the test data of granite,
sandstone and marble under different loading methods, confining pressures and lithology conditions. The results show that the
brittleness of marble decreases with the increase of confining pressure from 5 to 35 MPa. At confining pressure of 5 MPa, the
brittleness of granite under the triaxial unloading tests is greater than that under the triaxial compression tests. The values of the
corresponding brittleness index Bi of granite, sandstone and marble are 0.684, 0.336 and 0.186 respectively, and the calculated
results are consistent with the experimental ones. This study provides a new way to evaluate the rock brittleness from the
perspective of crack initiation and stress drop, which has guiding significance to enrich the analysis and evaluation of indoor
rock brittleness.

Key words: rock mechanics; hard rock; crack initiation;
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Table 2 Calculated results of Bi of granite under different loading
modes (5 MPa)
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Table 3 Calculated results of B for different lithologies under

conventional triaxial compression test conditions (5 MPa)
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Fig. 7 Schematic diagram of some brittleness evaluation indices
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Fig. 8 Calculated results of each brittleness index for marble under

conventional triaxial compression test (90C)
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Experimental researches on in-situ loading and unloading deformation
characteristics of soft soil based on pressuremeter tests in Shanghai area

ZHANG Han"%*, YANG Shi-fei 4, WANG Lin" >4, LIN Tian-xiang>*
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Abstract: The quality of the soft soil includes low strength and high compressibility, and the deformation shows obviously
different nonlinear characteristics under different stress states and paths. It is of great significance to study the in-situ
deformation characteristics of soft soil for controlling the deformation in various underground projects. In this study, such
deformation characteristics are well described from two aspects of loading and unloading through PMT in Shanghai area. The
relationship between shear modulus G and shear strain y is obtained by the pressuremeter loading tests combined with
laboratory small-strain tests. At the same time, the internal relationship between modulus ratio Ev and unloading ratio R is
studied under different maximal unloading pressures and unloading levels by the pressuremeter unloading tests. The results
reveal the stiffness degradation law for loading tests and the key factors determining the stiffness characteristics for unloading
tests, which will provide the relevant reference for controlling soil deformation in the development of underground space.

Key words: soft soil; pressuremeter loading and unloading test; stiffness degradation; unloading level; maximal unloading
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11.0 20.0 12.9 0.664
15.0 22.7 11.0 0.725
. 21.0 77.0 5.8 0.670
e 26.0 75.3 8.5 0.726
29.0 57.6 14.0 0.664
36.0 54.4 23.0 0.720
44.0 10.6 182.0 0.700
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Table 4 Parameters setting for unloading pressuremeter tests
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Centrifugal shaking table tests on saturated sand foundation under dam

YANG Kai-wen" 2, LI Jun-chao' 2, WANG Feng®, CHEN Tao*, WANG Yu-bing" 2, ZOU De-gao’, LIU Jing-mao’
(1. Center for Hypergravity Experimental and Interdisciplinary Research, Zhejiang University, Hangzhou 310058, China; 2. MOE Key

Laboratory of Soft Soils and Geoenvironmental Engineering, Zhejiang University, Hangzhou 310058, China; 3. Chengdu Survey, Design
and Research Institute Co., Ltd. of China Power Construction Group, Chengdu 610072, China; 4. Sichuan Huaneng Luding Hydropower

Co., Ltd., Chengdu 610041, China; 5. School of Hydraulic Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: As the core part of the important infrastructure of water conservancy and hydropower projects, the stability of dam
foundation under earthquake is widely concerned. In order to solve the problem of the dynamic response and liquefaction law of
saturated sand foundation under dam, two groups of centrifugal shaking table tests are carried out to analyze the influences of
overlying loads on the seismic response of this foundation. The test results show that when there are no overlying loads on the
foundation, the soil in the lower layer is softened during the vibration, while the soil in the upper layer is liquefied during the
vibration, and the acceleration magnification factor of the foundation and the excess pore pressure ratio of the soil first decrease
and then increase along the depth direction. When the foundation has overlying loads, liquefaction occurs in the soil at the edge
of the overlying loads, and the acceleration magnification factor of the foundation increases gradually along the depth direction
and the ratio of excess pore water pressure decreases gradually along the depth direction. The existence of overlying loads of
dam can increase the effective stress of soil and reduce the excess pore pressure ratio. After the dissipation of excess pore
pressure, the compactness and stiffness of soil is improved. Finally, based on the nonlinear finite element software GEODYNA,
the numerical simulation of the two centrifuge tests is carried out, and the results are in good agreement. The results of the tests
and the numerical simulation provide the basis for the design and reinforcement of the saturated sand dam foundation.

Key words: dam foundation; liquefaction; overlying load; seismic response; centrifuge modelling

0 3 = _ -
T T R4, AT T 32 - b = WAk al HEWE: HEARREREETHERSILETH (51808490)
BB RE SRR E, i R iihE Wi EAA: 2021 - 05 - 31

*EfE/EH (E-mail: wangyubing@zju.edu.cn)



% 4 3]

B, S AR IR A = 7 3R 3h S i IR0 7T 779

WARIE T R AL G A oSG o, b [ 1L 7R
(1976 4E), L)IHLE (2008 45D, FEAME H AH#H /i
% (1995 4F) %5, MRl St it 2 5 4509
P E KRN, FESON MR R A R @ R HIYEHE
TAREAGIESZ T B RHIHER, 7RI L LR AL It 7
FEE RN,

AR Ay 7K ) 7K e TR 2 7 At A 1 A% 0
gy, MR AR R A 2 F UK TS H T2
B IR 255 7 B ) 2 4 1) () BT i g st - AR i R B
73] XL AIRD b R BB A AL BRI SRR R A
B T AR S e (B,

FL R A 47027 5o L R = 5 75 e 2 )
FAEAE LR A B RS & A E 3R &R 5.

W H ) 1IRS) G R R R R T 3RECR
BEIESMSA, HHHT LA ZW NS . Seed
SRR XL 4R 3 & 6P ATED 3R AT T B8 0
BT THETE, 4R A BT SR PR SR AT XU
Pesh N HP2 A B LRI e m— ;. EHEE
SEUSLE Ik [ W A T R Bl 0 T R R 3
ITTHEAE, 48 B E LR 38 K BRI R, iz
TIRZ R R L B e P aRTH B Varghese 260454
WML RE R I T 09T, FERI RIS S0AE T
B SEA A — P R P TIRAE it

R RS G R B O e e AR E )
Wy T RS 38 SR AR TR LI S )13, O T R T4k
b 7= 3k A v sh e AR REE (0 2T B U8,
Hushmand 25UV gy IRAE 8 5 ) 9% 2 & 3056 HH ok JR T 1D
TR SR, FoRA TR VIR ALAE; Adalier 551
FIF B ORS8RI T T ARTE R AR A S Ak
T R e B AR AR AR, gl T AR A
PR RO I X 5 i 3 1 B OB G, i
D - b B I A B LR Bl e B 2k, AR AR
2PN R 2 fa R AR e M R . SRR AR
FIF B OHLR ) & KR SITR AT TR, 48 BRI
SR RS BB AR T HEELUENR, 5l b kR
PR . EIRT SR AR A0 B B b 1 e,
H A1 5T AR A 30URS 72 ) g e . (1) A SR B8 F 7T
FEX A D, USSR 0L fif 1A FH R B0 40 A R A2 B8,
TEHFE AT 2R AE R FLIC V8 L M 3 A d 28 () AR T T
WA, BRI T AN - LS 7S 50 Sy wi S KR 5
e BEN .

ARCHET CRPEIRE R K G TRETE, 4
G SEBR THEAT T A S ONUIRS) iR58, IR, F
RAELYER R IT /0 84 GEODYNA S Jy 2 i b
R A B O AR BT T BB AL, b TR

b - U AE I i A P T R b R i LR, R T
UL . AL A2 AR, IRTT 1 Ik
WA RT BE AL A5 I for BT R, I K77 B
ThEImE S TR A R B 1R T

1 BiREGALE
1.1 RWEE

AUGRITEWT TR 3055 L 55+ T B H W E
ML ZTU-400 + T B ONURsh 3T . ZTU-400
T B O HLRE RS SR A 1) B A AR A 9 400 gty LA
A 4.5 mBREEEE . LT sl FR e RS iR 1
100g 15 KB O INIEE . Bobl BB EA R,
K FNLEGRE N 2, AeigiEft 10~200 Hz
JEEIRBIAIE, 0.5 kKN AN E, 40g KR
IR EEF 6 mm IIREN AR,

TR H R BT DI AS, PR R X 5
X N 740 mmX 340 mmX425 mm, FAGEIET 12
BRIV S5 1 SO TR 2R
FiotE. BIUIRN RGN ® 2 )2 2.5 mm AR RAR, R
TEA TR A 1) 25 st A B 1 Sk N BT U3 R e
1.2 RIEZHE

G ek 3O o] i 8 %o AR A - 390 b R g L A
i, P ONIRE) S IRIGIITE 50g T . A
R WIE 1 Fios. Testl N H B A, Test2 N
U A B M CDLR SRR N D o MRIRD b R
JZH)E 300 mm, AHXTESZEEN 63%, Xf 5 AL
JBRE 15 m; BEEAANIE 100 mm, AHXESZEE AN
74%, SRR AIHEL S 5 m. AR R R R E
HRAR 11 7 AR o 1y AR AN . A VR 6 2 HE W3
1 iR

——.sxm
(a) Test 1 %Y

S Test 2 #E%Y
1 HERISTAYE
Fig. 1 Picture of centrifuge model
1.3 RIERB G
7R b 3 P P AR AR B B2 e TR 2% I T . T



780 =

+ T B % ik

2022 4E

B BT RARRT 2 mm FRURDRE 7E B O R AR
ANTT B RS RO, PR A A B i sl Bk A2 KT 2
mm PR, & 2 alie b L RBR R, R 2
WS D - (B T 2 I

=1 RERHE

Table 1 Test arrangement

AU _TEDE TERL .
g% iy ERE R mm%sﬁﬁﬁ
B lg /mm  SERE%  /mm SERE%
Test 1 50 100 74 300 63 —
Test 2 50 100 74 300 63 106.5

% 2 RENKIE hRD AR E AR R
Table 2 Basic physical properties of sand in model tests
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Fig. 2 Grain-size distribution curves of sand in model tests
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Fig. 6 Time-history curves of horizontal acceleration of foundation
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