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Cross-scale crack evolution analysisfor face slab in concrete faced
rockfill dams under strong earthquake

KONG Xian-jing" 2, QU Yong-gian®?, ZOU De-gao™?, CHEN Kai"?, LIU Jing-mao" 2
(1. State Key Laboratory of Coagtal and Offshore Engineering, Dalian Universty of Technology, Dalian 116024, Ching; 2. School of

Hydraulic Engineering, Dalian Universty of Technology, Dalian 116024, China)

Abstract: It is crucidly important for seismic safety evaluation of high concrete faced rockfill dams (CFRDs) to accurately
locate the weak area of the panel and to quantitatively assess the damage of the face dab. In this study, the cross-scale model
for CFRD is established using the interface element with asymmetric nodes and Quadtree for refined simulation of slab and
cushion interaction. The cohesive zone model for concrete, the generalized plastic model for rockfill and the state-dependent
elasto-plastic interface model are combined and used to describe the strong nonlinearity and failure process. On the above basis,
the cross-scale crack evolution analysis method under strong earthquake is established and the coupled SBFEM-FEM analysis
software is developed in the explicit earthquake wave motion input method frame. The dynamic failure anayses of slabs are
performed for a 200-m-high CFRD considering the reinforcement retio, vertical earthquake and water level of reservoir. The
results indicate that the devel oped method can visudly represent the seismic cracking evolution, conveniently locate weak areas
of face dab, quantitatively determine the damage severity, and evaluate the aseismic measures. The research results may
provide an effective method for the aseismic design and assessment of ultimate aseismic capacity of concrete slab. The
proposed method can be extended to the failure andyses of other concrete structures and three-dimensiond investigation and
application easily.

K ey words: strong earthquake; CFRD; cracking evol ution; cohesive zone model; elasto-plastic analysis; cross-scale
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Table 3 Influences of water level on crack width
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Simulation method for crest cracksin high earth corerockfill dams and its
application

Jl En-yue" ?, CHEN Sheng-shui® 2, FU Zhong-zhi* 2, ZHANG Can-hong®
(1. Geotechnical Engineering Department, Nanjing Hydraulic Research Ingtitute, Nanjing 210024, Ching; 2. Key Laboratory of Earth-Rock
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Industry Technol ogy, Nanjing 210046, China)

Abstract: The crest cracks are the common dangers during construction and operation of high earth core rockfill (ECRD) dams.
The occurrence and propagation of the crack increases the safety risk of the project greatly. The simulation method for crest
crack based on the displacement mode of the extended finite element method (XFEM) is put forward and introduced into the
crack simulation of Pubugou ECRD. Firstly, the basic principle of the simulation method is introduced. Then, the measured data
of typical monitoring points of Pubugou ECRD are inverted by using the neura network genetic algorithm. XFEM modelling of
the 2-D model is conducted using the parameters obtained by inversion to reflect the wetting, rheological and consolidation of
dam materids. The results show that the dam deformation is in good agreement with the monitoring data. The maximum
settlement of the dam is 3.27 m after impoundment, the maximum upstream horizontal displacement is 1.17 m, and the
maximum wetting settlement of upstream rockfill is 0.48 m. The wetting deformation and reservoir water pressure exert a
certain dragging effect on the top of the dam, which directly leads to the crest cracks. The cracks at the top of the dam occur for
the first time after full storage, 4.75 m away from the axis of the dam, and 1.75 m-deep cracks extend within one month (in the
filling & dam top without extending to the core wall). The cracks on the top of the dam have not propagated substantially during
10 years of dam operation. The simulated results are close to the measured val ues.

K ey wor ds: earth core rockfill dam; crest crack; simulation method; crack propagetion
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Fig.4 Settlement process curves of typical monitoring points
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Table 1 Parameters of E-n  of construction materias
Wk R K n G F D Kie  olCC) Apl(°) ckPa pl(gem™)  ki(ms?h
bW EHES 0578 1068 052 0390  0.06 5 1923 54 10 0 2300 1x10°
T EHESS 0578 1068 052  0.390  0.06 5 1923 54 10 0 2300 1x10°
NUFRHME4S 0680 707 050 0381 0.06 5 1230 51 10 0 2200 1x10°
TYfEEE 0680 700 052 0.320 0.06 5 1400 54 10 0 2300 1x10°
DIEBEREL 0552 677 042  03%4 001 8 1108 35 0 1.2 2300 7x10°8
W E 0520 1045 052 0402 0.08 7 2089 50 6 0 2200 3x10*
SUERL 0520 949 054 0407 0.08 7 1818 48 6 0 2200 8X10°
R 0860 200 070 038 0.2 2 550 15 0 5 2000 7x10°8
74 iz 0640 780 042 0320 0.8 7 1500 48 6 0 1470 5X10*
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Table 2 Rheological parameters of construction materiads

a/10° B/10° c/10° D/10°8

Wk} m  m
W HEA R 1.337 0.292 0.617 2.423 0.514 0.416 0.427
TFWHEAA R 1.334 0.229 0557 1.933 0.408 0.365 0.482

BYi2/8

1.234 0.388 0.637 2.606 0.848 0.455 0.542

HEATA
T 1234 0.388 0.637 2.606 0.848 0.455 0.542
DIEBEREL 0617 0428 1.532 3.053 0.996 0.679 0.518

RYEZ 1440 0.324 0609 5514 0.679 0.409 0.551

RUERE 1440 0.356 0.613 2.206 0.721 0.420 0.549

Wil 1241 0.434 0.712 2.674 0.848 0.455 0.542
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Fig. 7 Deformations of dam during construction period
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Visualization investigation of bio-cementation process based on microfluidics

HE Xiang" 2, MA Guo-liang" %, WANG Yang" %, ZHAO Chang" ?, LIU Han-long" ? 3, CHU Jian®, XIAO Yang" > ®
(1. School of Civil Engineering, Chongging University, Chongging 400045, China; 2. Key Laboratory of New Technol ogy for Congtruction

of Citiesin Mountain Area, Chongaing University, Chongging 400045, China; 3. National Joint Engineering Research Center of
Geohazards Prevention in the Reservoir Areas (Chongging), Chongging 400045, China; 4. School of Civil and Environmental Engineering,
Nanyang Technological University, Singapore 639798, Singapore)

Abstract: Biomineralization possesses the capability to bind granular meterials, which can be used in the applications of
geotechnical engineering as an emerging green ground improvement technology. However, little information is available on the
mechanics of biomineralization, especialy on the process of biocementation. An optical platform is proposed to visudize the
process of biomineralization based on microfluidics. A series of micro-scale investigations related to this process are performed
to capture the spatia distribution of calcium carbonate crystals, precipitation patterns and quantitative crystal growth rate. The
results show that the convection and diffusion of solvent have significant impacts on the distribution of calcium carbonate,
which demonstrates a nonuniform spatiotempora distribution. The extent of uneven distribution in time scale is reduced as the
reaction goes on. However, the phenomenon of uneven digtribution in spatiad scale is maintained during the whole reaction
period (0~2200 min). Two precipitation patterns in biocementation are found in this study, i.e., precipitation a pore and
precipitation at sand contacts. The precipitation at pore shows no growth axis, while the precipitation a sand contacts shows
growth axis with different growth rates. These investigations may provide new insights into the mechanisms of microbial
induced carbonate precipitation and are beneficia for the optimized design of up-scale application.

K ey wor ds: biomineralization; microfluidics; visudization; crystallization; MICP
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I nfluence of particle breakage on scale effect of filling characteristics of
rockfill material

XU Kun', ZHOU Wei?, MA Gang’
(1.Changjiang Ingtitute of Survey, Planning, Design and Research, Wuhan 430010, China; 2. State Key Laboratory of Water Resources

and Hydropower Engineering, Wuhan University, Wuhan 430072, China)
Abstract: Thefilling characteristics of rockfill materids are closdly related to their mechanical properties. They can be changed
by particle breakage, which is one of the main factors of the scale effect of rockfill materials. It is of great significance to
further understand the complex mechanical response and mechanism of scale effect from the perspective of filling properties. A
series of numerical triaxial compression tests considering different particle breakage strengths are taken to study the influence
of particle breakage on the scale effect of filling characteristics of rockfill materials, and the mechanism of the scale effect is
further reveaed. It is found that the lower the particle breakage strength, the more obvious the scale effect. The particle
breakage has obvious influence on the macro- and micro-parameters of filling characteristics. The porosity decreases with the
increasing sample size before and after compression tests, which is more significant with the lower particle breakage strength.
The effective porosity of samples with the same size after compression tests decreases with the lower particle breakage strength.
The effective porosity of samples before compression tests increases with the increasing sample size, which is opposite to the
trend after compression tests. During the process of compression tests, the larger samples produce more mechanical unstable
particles than smadller ones, which is one of the reasons for the scale effect of rockfill materids.
K ey words: rockfill materia; particle breakage; discrete element method; filling characteristic; scale effect

0 3l = AR IR T X%, I AR SR T
A I 2 S RE B R O ) B — kAT RORLAR AR, A HEATRHE TSR B A AR e s [

P, A T A R O Ry 2 BURISIREE . ORCRILRE [ 25 R AR DG i 8t R 44 FUR

FRPEMERCIR . AR S, N — Sl ———

TR A A P (6 HE A5 A R i Aok 42 7] 3% 800~ 1600 BEWH: HEKEMWEZIRIBH (2017YFC0404801); L4 4K

i, SRR 4R (AR 3 R e oy

CABCERICHEAT R ) 22 A T2 8. SR, 44 R RO HE YRS B8 2019 - 08- 05


mailto:xukun_2013@whu.edu.cn

1014 a5 oE L OB ¥ M

2020 4F

PEAR AR, DT 38 B G TR 2 A8 TR P 5 Ji
RO R ARTE 22 5, B R4 RSN

[ 20 4 40 4EA% Alan 25895 Yodi th B F Rk R
BN LA, PEREHE 2 A I DR e, S
SR AR RN TTIE T RIS, HORIA
HELDRLR RN, K2 4R P 2 v B
TR 8 1005, Ry v A B, B
AU M 7 THTRIF 501 A0 2 e s 44 2 5280 o)
PETa5 RS YN RONRITST . BAT HE AT R R AL
RS R T — SR, WS TS H M E R .
AEL FH T 6 0 7 4 XA ) PR 26k 168 2217 200,
I ROV BRI . BURIZRIC . BURLIEAR . thRE
FRAESSE, FERFNE M E R, MRk R
A — AN LRI o R 44 R 2 L PR e AR T 2
SERINLEIEATE 2, A5 A 2 400 2 T 1 4 A
WM 454 A B S i g™,

HEADRHI A 28 R T BB LI % A LB
T S ITURE 7 L« SR HE 45 R HE 2 2 4T W 5 B
ik, SCESHEATRHK A A B S VKR
95 R 2 5 HE AR, S R4 R LS AR R
FRY SR A TR P8 AN [ %21, SR ) R 5 A
R, W — SR HE AR P R SLI AL R A s
RS A S S M A B R g R = 6 2,
Y55 X3 1 L 0 2 R R A A | 1 A 7 e
O S ) ST HEFTRRRRE 27 0 8 A 22 SRR R
R 2 ST, DUHEA B S M I
I e R AR 1 2 A, TR A b R
NI TR T BE AT RS 2 g 2 K He 4
OSSR B R X

SR, 2 A FTR IR AR ACT R, 2 ARG T
A LS W e e A R A P AL,
) S MRS S R 0 2 T PR A, R s MR
5 RO R P AE LB T TAEAE A I o BT 7 Ve
W S A B B B S A . R S5 R
A EORAR R S R, RS TR AL G
T B LA K (AW E TR T, S R TUSURIA ) ) 2
AR T PR QIR (4 7 T L,y A0 2 T T
AT RHEFS R (4 RS RIT SR T AT g

g b, AR TBEOTE, DU R
PRI, REORL R 52, 3 3 0 BT AL
B A RALBR . B BRI B A R B
T 37 O 0 A Stk A A AR P £ 2 0 W 5
(AL, A L2 TR A B TS P 0 4 R
A, DU A AR 48 RN, I
B R HELTRIR RO P TR

1 PR IR LTS &
T B TR UL B A AT R 4 R
( bonded-particle method, BPM ) ¢ F #% X i3
(fragment replacement method, FRM) 2 Fili j77:2%,
0 45 ROORE Y (1) JSORE AR R R A PR L Ui /N RS A
PIHE, T FRM BRI BT L BR S A = N
RIS AT BB I EE AU I R, AT
KL FRM BALRORE AR A T T~ FRM BLUUORL Al i
T 2 2 S U A R v DU RN 5 4 A P AN 2
o
1.1 kRN
McDowell 257 ERiE 5 S P\ T A B 13 B
REDN), F Je T R0k £ G AR 0 B ] 245 Fs A B AU
B 56 45 R 5 = R0 45 RAHRT, WA e v )
BRSO R 1R A o AN DR SR FH AR v
W, J\IRABY Y ) a3 7R A
1 2 2 o U2
q_éﬁl'sz) +(Sz'33) +(33'31) ’ (l)

L, sy, Sy, SRR — = ZERNT. B
BIE T, —ANIURLIG N Fy Bk RS | AT X
sij:\%é’t frar 2
R, VORERL AR, 0 iR K, f
SRt y, ARSI, S, S, s,
SR T Sy s S MS g MBI HOITHIIL L
A OB 1\ TR A B 137 g K T8 (0 2 ) Ui
B Ay [l B, )53z S0k 4 A 0% . De Bono %27
b A\ R85 R 4 [6] =0.9s, =0.9 F, /d®, 3{r,
Sy NSRBI, F S BSBURL AR 1 4 A
UKL R T, d A TR IR A%
FARMENEBORIAR, WRPRR. WA HEARE,
TEAE— e B, sE . LIRS, BRI P
TSURE R IR Rtk o S TR Weibull 43 A1, ek,
o Ry 0L e LR AT AL0) Ay A VA 1
¢ ef 2 18 e TR A R I W R 1 R~ 2k
Weibull 23 A5k . H4 Weibull 4345 B 6128 3, 44
ORE RIS S ¢ TT 7R N
s, =[n@/ RN} [@/d) s, . (3
Kb, R(), M, s,y 4 B BRI LR .
RIS 1K) Welbull RS IR E A 1 0 o 5T
AL RS 33 6 I SBUR R A% o o YR i i
(R SFORE T 3o (d /]y ¥ ™ AR
1.2 BEBRER
UGB R T 2 R 2R — 4] = Y %
ORI, e s S R AR B PR A A



5 6 34 TR M, AF BURLRRE R SEARRIGE R A RSN K Mt 5T 1015

WSR2, AN PRI RE B e o s 5 SRt il s
()RS % A AR 2 S B3, i B G IR S 5
WELERT B £ 1 1 A TP I B R R 22—,
Ciantia %2445 Apollonian #3517 M T 5 Fl
PR RIS, JFIT UL 5 A% 1 00 B s 4 21X
i, WHUERNL, B 3 FUUTIL 14 A R CW
Apollonian HERIZSRE 2 i (B D BELEORIETHSE
AR RN 5 R S WERTREAS RS 1 0 24T DA Wi B o
AL, A FCEBAZAE B s T AR SIS

1 FERBHER: 3MRTH 14 M
Fig. 1 Fragment replacement mode: 14 particleswith 3 particle

sizest™

HAERE T, BRI R SR n P )E,
T4t JJ7 B AT e, A T ANIBURL 2 17 O AL T
(PIRBRFAE NI, J5 B35 T FISH 5 5 ga ik e v 2 4
TREF, AER BRI D ORI ot 2 1) o A il 6]
1T HIRE R Rk, ARG IR R, 76 ik 4k
A5 J5 AR AR HEA BTN I R A5 RIS 25 A DLAHIR I
TR B R A R, R T ORI B A v R
Jp oK SR AT i b sl D RIORE K 32 s P Jmy B RORE B,
G AN B SEBR ) JRyES Ny 39 KIS o

2 HERIEER
2.1 RIERACHLE

AHTSCR ] B s ot PRCPCYIT = i
BUE B VIR, WF0 A ik s ok IR 1f 52, A
FEARRTT “AER B AR WAL TERT B
KRR 4 600 mm [F R BL A T4 R, 15 28K
Fift dom 2354 60, 90, 120 mm [#) 3 £ PAT IR IR 2%
i 2%, W] 2 % o Jl b e 2R Tyler 28 A
( p, =100(d, /d,,)* °> 45, Xf, p ARz~ Td
PR Rt B 2 b, D Zec thZk 10 TR ik
FIE R NI MBI R, BoEiee st it
PR HA RIS 2, HFERBL s AR K. A
T HEHIRIR A R A H . AT D L 2.0,
i B 10 mm, Ki4%/N T 10 mm TR A ) )5 e 4
FAERCA 10 mm TR

100
— R

—8— (nax=120 mm
—A— nax=90 mm
—— dinax=60 mm

T i Lo
10 100 1000
d/mm

E 2 JRRED B FN4E RIS HORED i 2%
Fig. 2 Prototype gradation curve and scaled gradation curves
2.2 HERH

HIFER FHARAEE A 5, L8 H A L BS F L
I IR st P TR R IR T 2 18] P e RS ) =
it 38 3ok R A2 1 K ¥ 43 i) AR RS (DXHD SR 300
mMmX 600 mm, 450 mmx900 mm F1 600 mmx 1200
mm [P, S 2 E 1R e KRR A% d e 73 14 60,
90, 120 mm.

X T PCAS I RE, Ak BIAH [F] 1477 46 %5 BEAR
&, W R Zhou PRI %, %A
—FEN S B Bl R R SR ALl e 100 kPa [
JE IS BRI RIAR R, R R FLBR R W LR FLER A
AR BVER B S AIGRTRRE , HRE IR rh URIOR R 5
RECH 0.1, R b 124 60, 90, 120 mm ik
FERIHIUAEFLBR 24 5 % 30.65%, 28.23%F1 27.03%.
g, R R i AR e 4 RS, S KRAT
Ko WRFER R, X517, 19, 37]451—3L.
BFIASF R ST AR FE & 3 s

1200

3 FRGRERVIARFTEE
Fig. 3 Illustration of initial samples with different particle sizes

ORI R AR ELVE TSR Hertz-Mindlin 4524
KAk, ERAIRIRAEZ T, I R B R
HHL 0.5, Fivr 2 ZOMURURE AR E ) 2 B0 4l SCHR[ 31,
38, BHRUTHEZH IR 1R,

ABFFT, ORI A SR AT AR A Tt n s
B0 s UL e 5 B DSl B b e Ak, it
ANBRE S R () 25 52, b4 T — AN R TR A
TR ARREAEA TGS, B AT AN LR URE A 14 44 FORR 4



1016 a5 oE L OB ¥ M

2020 4F

LSRRI H. s 4=18.2 MPa (1) 45 RUAFE 4 A1 % 1& 51
RLB R H.s =14.0 MPa {4 JURFEA] . - AR
%1% 18 3FAE &, [ 04, 0.8, 1.2MPa,
% 1 BRUTRISH
Table 1 Input parameters for DEM simulation

E) 28 G
%l (kgm?) 2650
mRsE A 05
W) it GIGPa 28
HRALEN 0.15
_ FEERIAE dy fmm 28
Wk °
Wz NIEBRGRE S /MPa 18.2, 14.0
AR EmM 2.65

N AR, S ARG, G5 I
D60CP400, H:t D & “diameter “ ({15 ¥ EF, 60 £ox
RE e K BRI 4R 4 60 mm, CP J& “confining
pressure( [ £ ) 7 (11 5 , 400 #7~iK5 {4 0.4 MPa
(400 kPa), ILARFE g5 LAIE 24

3 HERKWKER
3.1 RN S 0w R A A R

F i FORFEAL N ) - AR th& sl 4 s . B
4 () WA IEFRAF AR, B 4 (b, (o A
LSRR AR o WIURBRE PR S BER iy, il )
RN (L) 1%) IR B 5RFEVEA, T R IR LR L
BUREE K (27%~31%) . X 1 i T ERIE Fikila) 5
FERAEB,  H. din=10 mm,  S50REE] 7 25 B i /D 78 A2 11
ANFIORE 2 R, P AR S FE R R 0 AT AR
FLBR .

K 4 (), NSRRI, B THFEEh
S, ANF RIS AR A G, B K
AR RRARER I A2 R — [ s T AN [ 4 RO (1) WA
Iy 22y BRI N ) 5, &40 ORI Y
Jp - AR SEAE S UL Sitharam 21
)35, RN R H 2P AT 1R 1R 2
SN FEAA . HE 4 (b, FEERAREN, %
a7 FORFFE (1) 7 70 3 52 Ik W s i 2 5, B BK
ZE W, AR IR d5 ROREAR R R R LU
PN )N R N AR A FE PSS, A Y,
ATEAL I G o IR ST (B 4 (o), s,=140
MPa), IRFEIRIN ) - NAR 2 22 el — 2P 1 K.

NIRRT Ovalle 45122 H 0 Bl S 1P
BY i B R TR RT3 0 i PR E R 2 — AT
I F RIS, RGBS R R0 ik,
R B . A ] Marsal P42 it S i R e
# B VHE 2 4 FORFE RRURL R 2, A&l 5 .
AT, TR0 PR BRI, A TR RO A 8 2 s [+

R A A N S I K i SN SR T AT S o
NIl i o D S A I T ANG A R S G R SRR )
TSRS/, UL PR BB D B DL R R
LT SCHR[4, 22 IR S BIE IR, RIS
T & F ARG 2 & PR AT 4

3.0 ——D60CP400 —— D9OCP400 —— D120CP400

——D60CP800 ——D90CP800 —— D120CP800
2.5 F—— D60CP1200 —— DIOCP1200 —— D120CP1200

.€1=10%

&/%

(a)

3.0 —— D60CP400 —— D9OCP400 —— D120CP400
——D60CP800 —— D90CP800 —— D120CP800
2.5 —— D60CP1200—— D9OCP1200 —— D120CP1200

LR 0p=18.2 MPa

&1l%

(b)
3.0 —— D60CP400 ——DYOCP400 —— D120CP400
—— D60CP800 —— D9OCP00 —— D120CP800
2.5 F—— DP60CP1200 —— DIOCP1200—— D120CP1200

RHAERE TR B 0p=14.0 MPa

4 FRGERIRER 11 - M %k
Fig. 4 Stress-strain behaviors of numerical tests

121 =182 MPa

—=— D60 a
—e— D90 s
—— D120

10

0y=14.0 MPa
-a- D60

-0- D90
-4-DI20 .

M@g Bul%
=)}
T

5 ZIRAERBRIARIEE B,
Fig. 5 Perticle breakage factor of numerical tests
3.2 FhARREIHR A FLBR R A
AR SLB R S IR R SR I B B bR . &
A7 FORFEFLBR R A th Ze i 18] 6 o . AN AR



% 6 4] ®

M, A ORI HEAT R IR R 4 RO (R 52 w5 1017

M
—=— D60CP400

—e— D60CP800
—&— D60CP1200

33

—a— D120CP400
—e— D120CP800
—a— D120CP1200

(a) A5 BB RRE R

30 -
—=—D120CP400

29 |- —*—DI120CP800
< —4—D120CP1200
<
o8
&
|
=

27 ]

26 1 1 1 1 ]

(b) FUBRFE R RETR B 18.2 MPalf) il ke

&
3
&
|
~
31
|
30 1 1 1 1 ]
0 2 4 6 8 10
&%
34
—=— D60CP400
33 —— D6OCP80D
< —4— D60CP1200
£
3
&
|
~
31
|
30 1 1 1 1 ]
0 2 4 6 8 10
&%
34 -
—=— D60CP400

—e— D60CP800
—&— D60CP1200

FLER=E %

30 -
—=—D120CP400

29 L —®—DI120CP800
o —4—D120CP1200
8
o8
&
|
=

27 ]

26 1 1 1 1 ]

(c) BURHIEREREIRE #714.0 MPaff A FE
6 FLEAZEE L ALk

Fig. 6 Evolution curves of porosity

TRFEFLIRZ PR, AR AN 25 Hh B K TR for
124 60, 120 mm iAF R FLBR AR S Ak 1 26

WKl 6 (@) Fiw, AN BB BREN, AFJE
TRAE M FLBR S AEAN R FB PRk it i 77 AT, 3
AARFF B DI AR I FLBRZE ) 22 KV 2 RE R 1
i (B 6 (b)), HTFANFRREE B R 0k [ e
HATZE S, HBEIREG 3T 22 S, i AR I
AN (A1 56 B 1 TR LB 236 1] [17) 22 S5 il B 1) 3% 7 4
IS s Hol T/ RSP 2T RS
DR S e TR /N ]SRRI b 22 e AN R, KT
TRAE IR 22 S 3 o 2 500k 5 2 e (] 6
(), X—ERT AL,

A AN EE B DI S iRE LR 1 ARk, $R X 1.2
MPa 156 il s 1) 8 4 RORAE ARl ) SV AR 2 0% (BY
PIRG) F110% (BIPIJE) LB WK 7 fion. w1
A1, BYUIET S 40 FORAEFLBR R 2 BIAR /N H T
PSRRI, 25 FE ORI R AE (1 FLBR 2 /T A
2 SRR A, WA ORI TR, X 504
TRFF N 48 B AR H I R A 16 /D B Ok e A 9% BY
YIJa, T HURI e (s, AN [ 4 RO AR 2 AR )
JOTAFE R FLBR R I B I 22 5 A &4 R
FERBRR 2 5 kL KRR G R (KB 5, K7 Sk

B FURERRRE ABOR [ BURE BT D) R 1R FL BT
Mo LAEZERIEW], BRI AAE T HEAT R RO AL B
I WL R, BT DI AL R AR
Jil AN SR AL R i 22 R R, BRI
RPURLRIAR AR A s FLFLRTRG N, B e 55
FIORLER 2 Y, 1% HRE]

34 &=0% &=10%
g.. WRAWEE = o
Al =182 MPa —e— -O-
32+

26 1 1 1 1 ]
45 60 75 90 105 120

B 7 iRIEE 1.2 MPaRHR A BT AT/E AIFLBRZE
Fig. 7 Porosity of samples before and after compression tests
3.3 FARIARE XA R FLBR R YN
AL LR AR T HEA RS2, SR
AT — S NTRIIE 78 T ORORE ) B i 2 B e, AN
ARESN TIHIVERT, PR RE LR 2 AN gt 1l o
A AR FIORE A 5 L. K Thornton™ 52 X,
AWFFCIBCORL AL H /N T 2 IRk A H e AR H



1018 Fe)

+ TR ¥R

2020 4F

ITANREIN ) BIRIORE, - 5 SOXRHRIURE 2 2837 AR
WRRFEAT R AL B Ny 5 3N

VA VAN
Ny = g} ST 100% @)
//\ -

A, Vi AR,V 3R ORI AR, Vs R
IRFE PRI ORI AR . BEAN, s SRR R AR
#i =V IV) 100%,

HMORCRLAE S 60, 90, 120 mm FRIHIAATAFF
BV URLAATR 3 H0 00 A 12.77%, 20.75%F1 24.37%,
VT RURLAAR TR 20 B BB R s JORE AR (3 K 34 n, - 58
AH B K RORERL AR O, PRI B 2R RN B (2 . X
=B S B, IR X S AR RN 4G
PG, RIDRIARBROR IR, 0K [A] 1 2 BRASCOK,  /NRSORE
AR A TR IR T REPE TR, AT KRR
FER I B 58 1)1 48

5 2R 45 FORFE 14T RUFL B R B B DR 38 1 1
LR 8 rne NIRRT LB AR 135 b s A
FEARL,  BEARAN 25 H e KRR 42 2 60, 120 mm kT
(AT RLFL IR R i 2 o X/ RSHRAE Can il 8(a),
(b, (o) KD, A ERkiuker H e, <1%Hm, £
LB R A B B R ) R R (K 8 () 2D, R
BIFRORL Lkl s B BRI H e, <19%IN, A%

43 -

FLER R AT BAK (& 8(b), (¢) A£&, 0.4 A1 0.8 MPa),
FUEBT DI, ROR AR = A (R e K 22 ik o3k
Wk, HH T AR T REES mE 8 (b, (o
AR 1.2 MPailB F I, A 2FLBR R Bl B D)4 i
TR B, RIERER T (R EOR, B R0
A RRORSE [1) 2% 2 328 T IR /NRIORE 2 TG
FERIURE ) 7 O 78 R A

PR ISHARE (K 8 (a), (b, (o HED,
AN e R i i Hoe, <1%I, A BB % B A,
F e UL R H. e < 2%, W AL R RS [
%, RUBURLAR PREAEIR T A7 LB R AR B AR TR I L]
8 (b), (¢) AEEKE 8 (a) AKIHMLL), EAMER
FEMI R SR 58 20, TP ASF L N ite
R RS il A 384 2 e L RO PR R L e 3k vy
PR A O TR IRt IR LB R
BN, R ZAAREE MR (B8 (b, (© fHED
A LB R R KA E 8 (a) A EIh IR EINL.

DL g SRR B, ok i 1 85 D) # sl
HRITEER PIEEAL, SRR S B I B D7) 5 3 ()7 2%
FUBRZ BN, WRIA ) gt 4, HRGBORER:
Z R R A, BYDE A AL R IR
JUSFHE RN (E9), SEIPIRT I MAEAR & BA L

43 -
4|~ DEOCP00 4L = DI20CP400
[ —e— D60CP800 —e— D120CP800
& 41—+ D60CP1200 & 41§\ —+ DI20CP1200
3 40 g 40 4
2y =g
# 384 ﬁ 38 |
1€ 371 37}
36 36
35 1 1 1 1 ] 35 1 1 1 1 J
2 4 6 3 10 0 2 4 6 8 10
&/% &/%
(a) A BB ke
43 - 43 -
4| —=— D60CPA00 45 | —=— DI20CP400
—e— D60CP800 —e— D120CP800
8 41~ —— D60CP1200 Q 41 [ —— DI20CP1200
5 40 40 P
% 391 % 39
38 ®38r
W 37A 4@ 37 -
36 36
35 L 1 1 1 J 35 1 L 1 1 J
0 2 4 8 10 0 2 4 6 8 10
&1% &%
(b) PURFFAEBER A 418.2 MPalf iR
43 - 43 -
4| —= D60CP400 42 | —= DI20CP400
—e— D6OCPR00 —e— D120CP800
S 41— D60CP1200 & 41— DI120CP1200
M 40 ¥ 40 P
3 & 491
N Ne
38 38
1€ 374 ® 37
36 |- 36
35 1 1 1 1 ] 35 1 1 1 1 ]
2 4 6 3 10 0 2 4 6 F 10

(o) BORRMEREREURIE J114.0 MPaffy it
8 AWILIRREL ML

Fig. 8 Evolution curves of effective porosity



5 6 31 TR M, AF BURLRRE R SEARRIGE R A RSN K Mt 5T 1019

A, ANF TR 7 B BT O AT S BT S FLER R
VAN R A2 (1P I

46 £=0% £=10%
TR - -
4~ 5=182MPa —e— -o-
< y=140MPa —k— -
)
g 42r
&
% 40
B
e
38
|
36 1

]
60 90 120

9 KB E 1.2 MPa A S8R B0 ML
Fig. 9 Effective porosity of samples before and after compression

tests (CP= 1.2 MPa)

3.4 FhaRREIHR AR AL AT 20

RIURLIC A HOE 8 B RRAORE 5 J 12 R0RE A A $ fid 1)
HH, 2 RWUBRAE AR N E S R IE K S
VT i P O RO HE A R RO
HASRFIE I SEME, AT 73 300 2 20 4 RO (0 A A4
P BN HOAR 3 A AL BEAT 20 BT

(L Bl R %

TS R Thorntont* e 25 i fr 2 i 5 S
BRIV 25 320 v RORL A B0 T 2 1 B 0B 5 R (1)
R HCAEHON R A AL H CN g

CN. = 2C- N,
ff N,- N ) (5)

Ntot b 0

A, C WA FE IR, Ny s No AN, 23531
ARE TOBORE Y S K A0 O FR ROk £ H AN A7
B L HRRIEH .

N 25 FEANAN 2% R TR AR R kA A 28 C 0 2
BRI AL R, AN EG 1.2 MPa X5 H
Hs ™ AN FE RORE A A A A7 A0 A7 B8 B 07095 A P 1
2P 10 Jroe AT A, AN RS R R0RC 47 £ b 3
DI AL, 30t S b P Jm 2218 IR L 22
Feose (A, IX 5 SCHR[43] IR oY 4 R — 3. AN R
SRR RO B B2 R, R RTREREARE K
AR AT AR BOBAIR, W) R B Rl 72 B )
LR PP R AR ) SR

54 N
s ORI

. oy=1.2 MPa —8— max=60 mm
50 I3 —0— max=90 mm

—&— dnax=120 mm

&%
10 RHEMEAIEUE L L

Fig. 10 Evolution curves of effective coordination number

(2) BCALEINR I3 A1

P SR 93 A 2 A A G R AR A ) —
SR AN A BUIR I A 4R Bk LB BURLIS 1) o
FIhe R A BOR oAt 1] 11 o

05~
! CN=4.0
0.4
—8— (Imax=60 mm, Cng=5.11
03~ f —&— dmax=90 mm, CNiyg=4.77
¥ 02 : —o— =120 mm, CN =471
- '
0.1
0 —
-0.1

o5 10 gg, 20 25 30
11 ¥R B ALEURE 2
Fig. 11 Frequency distribution of coordination number of initia
samples

AL, AN]SR R G A7 200 23 A7 th ZeAH AL,
BEE EAAEROA W R 22 . AR RS I IR 1R
T, BCAZECR 4 BORURL AR 1) Je e K AR, AR AR /e
AR RO ORI A sy, e W (A DA R
KIFRAHAR, FeZ dmex A 60, 90, 120 mm iXFE
ARCFEIBCAI SO 0 5.1, 477, 471, LLERW],
T BRI FE A ) G5B, X AT 2 T
200 1B s PR KRR [B) T e ) e B SR, T
R NIRRT 1A B2 52 0 R ) — P8 3 3 BT

Kl 12 Sy AN FEURE B H. Oma= 60mMm R0 RE £
1.2 MPa 156 Fil T 59 U i BE A7 BOmE 73 Aionf He
Ko g, BIUNR%S, AP PR, RO o
orAihe CN=4.0 2l b6, A MR lHEA R
e A7 He s i BT RT 0 5.27 BRAKEIBIY) S (1) 4.44, LA
G E  TRRERBY KRS D A, e R AR BT IK I
ORI J A S HE A AR A, 2 S ESUROREC 7 £
%, #E 5 DA O IR . HoA R T
(04 FORFELE BY DDA 5 S AU, BRAb A A .

0.5
| CN=4.0 TR

max=60 mm, 03=1.2 MPa
—o— &=0

—=— £=10%

04

o5 1 15 20 35 %
12 iiﬁﬁiﬁtﬂﬁﬁlﬁggﬁ%%ﬁgﬁ?ﬁ

Fig. 12 Frequency distribution of coordination number of samples

before and after compression tests

K 137 1.2 MPaik 6 Bl Hs % 20 4 )G FE BT D) i
(e,=0%) FIEIYIG (e =10%) IXFERC AL EOHE o A
Bl w5, 44 RSB VTR S RORC AL B0 % o) A
SHURB 0A . BIVIRG, RERC A BORAR ) A



1020 E s R D = <O 2020 £
0.5 0.5 0.5
|CN=4.0 |CN=4.0 | CN=4.0
04 R AR 04r =182 MPa 04 G=14.0 MPa
0.3 o3=1.2 MPa 03} o3=1.2 MPa 03 | o3=1.2 MPa
% oo W —— dmax=60 mm, CNyy=5.27 8 ool W = dma=60 mm, CNyy,=5.31 ¥ oo Ny~ =60 mm, CNyy=5.31
B i\ —e— dnax=90 mm, CNyyy=4.93 B )\ —e— duax=90 mm, CNjy=5.00 B Y i\ —e— dmax=90 mm, CN,,=5.00
0.1 A —— dinax=120 mm, CNyy=4.78 0.1 ¢ & —o— dnax=120 mm, CNyy=4.88 0.1 1 —— duax=120 mm, CN,,=4.89
I | I
o | oF | oF |
-0.1 : 1 1 1 1 1 ] -0.1 : ] ] ] ] ] ] -0.1 : 1 1 1 1 1 )
5 10 15 20 25 30 0 5 10 15 20 25 30 5 10 15 20 25 30
CN CN CN
(a) HEEBYHIRT
0.5 0.5 0.5
o4l 1CN=40 04k |CN=4.0 04 |CN=4.0
) ! WS R ) | =18.2 MPa - ! y=14.0 MPa
0.3 03=1.2 MPa 03 03=1.2 MPa 0.3 03=1.2 MPa
¥ oa —8— dnax=60 mm, CN,y,=4.44 B 0oL &N —= dnax=60 mm, CNyy,=4.44 ¥ o2 —8— dinax=60 mm, CNj,,=4.45
= N —e— dinax=90 mm, CNy,=4.29 = Ny —&— dnay=90 mm, CNyy,=4.28 K N —e— dnan=90 mm, CNyy=4.29
0.1 1@ —— dnax=120 mm, CNyy,=4.19 0.1~ 1Q —— dmax=120 mm, CNyy=4.25 0.1 & —— doax=120 mm, CNyyp=4.22
or | or | or |
0.1 : 1 1 1 1 1 ) 0.1 : 1 1 | 1 1 ] -0.1 : 1 1 1 1 | |
5 10 15 20 25 30 0 5 10 15 20 25 30 5 10 15 20 25 30

CN

CN

CN

(b) HEEBIEIE
13 ZEGRINHEAEIE S
Fig. 13 Frequency distribution of coordination number of samples

AR AR S I I 0 At 0L B9 P)JA, CN=4.0
JEMIZRBL B R ORI sy, CN=4.0 A7l 22 572
AN, AEATI DA T RS O, R AR (KR A

HIE 13 (o) AT, WA BT IS n 1 /N Ee A 2
(CN<4.0) UKLt EL, 11 FIURE RO RRERE T ] 13X — I
BRAE 3B (R R R WA /NS A7 8RR o L8
(R3O o ORE SR A5 AR, C A7 B0 D R ORI AE 7
LA RGE . AT, R T WBORE R I 7K ) 45
(RS SR R AR REHE AR ) AN ) 22 5750, 4%
245 RO BT DT R A 250 o7 s A P 2 et R G
325 ) 22 S R D PR 2, BRI AN R
DREEBT U RE 7 T B2 1) ) 2 AN E KL, 1K
FEAAN I S T8 T 2 AK€ R B8 ) A A T 2 (A
RS B, AL R B ) A%, TR
HEAT LR RS R E A BT B i B /N T AT RE S RS
BUFE I HTBT 9%

4% i

ASCHEFEEOCTE, RN/ EAL (FRMD
ASURBORE (KIRBAYE %5 REBURE AR RS P PR RS20 K
Weibull 73Aiketh, S AU TTFg T RO R X
HEARRRTE R TEAR ) IO ) 52 5

(DIT B HOGT BB I T 5 A
KoM BIMBLS, I 5 CAT IR ITE e AAT, Rt
FUHIT R R BB 15 B AT

(2) FURLES 5 WA 2520 JOURE A0 7 2 i 2 S
HOR, HEARIAR ) O Sk JSPBCR R, 35D
T R FLBR I, R S A 2 At e

(3D 1A ST U SRk 1 ki, UK 2 i

PRI BTG (A AL BRI, HOGRFE RS B 5 %2
FUFEW; BIUIHTBORE IR AT RS L B R B RO B KT
WK, XS BT A KA

CAOANTRL R (K7 25 o7 Bt B D) 320 2 L
JEBERE S 2R PR B A E R, ROBORCIAE 1
ARECALBOBAR: BTYI R, R SCHRRER D RGT
BURE 2R T 2 1 A ANROE R, XT3 AR
NG IV )P

SE K-

[1] mlAEE. mREE LA IR [M]. dbat: T EDK
F7K HL e iR A, 2007. (L1 Neng-hui. Recent Technology for
High Concrete Face Rockfill Dams[M]. Beijing: China water
and Power Press, 2007. (in Chinese))

[2] ALAN BISHOP W, HENKEL D J. The Measurement of Soil
Properties in the Triaxid Test[R]. London: Edward Arnold
Ltd., 1948.

[3] MARSAL R J. Large-scale tegting of rockfill materials[J].
Journal of the Soil Mechanics and Foundations Division,
1967, 93(2): 27 - 43.

[4] MARACHI N D, CHAN C K, SEED H B. Evauation of
properties of rockfill mechanicalg[J]. Journal of Soil
Mechanics and Foundation Engineering, ASCE, 1972, 98(1):
95 - 114.

[5] % #h, frE%, £ OB, A& RDRORCR =45 i R
PR ST A A, 2008, 29(H5 T 1): 563 - 566. (L
Chong, HE Chang-rong, WANG Chen, et a. Study of scale
effect of large-scale triaxial test of coarse-grained meterials[J].
Rock and Soil Mechanics, 2008, 29(S1): 563 - 566. (in



% 6 4] T B, A BRI HEAURH IR R A RO R 52 Wi o 1021

Chinese))

[6] # M, B, KRR, S HEAORRR 48 RN
BRIESE). TR AR B AR RR, 2011, 39(5): 540 -
544. (LIN Hua, YIN Zong-ze, ZHU Jun-gao, et al.
Experimental study of scale effect on strength of rockfill
materias[J]. Journa of Hohai University(Natural Sciences),
2011, 39(5): 540 - 544. (in Chinese))

(7] Kfewm, % 8, FEVE, & U I HDRE 1 5 %
ATEARKSE MR T[]. DYRA =2 R CERER 2 IR), 2012,
44(6): 92 - 96. (ZHU Jun-gao, LIU Zhong, WEN Hou-yang,
et d. Study on effect of specimen size upon strength and
deformation behaviour of coarse-grained soil in triaxid
test[J]. Journal of Sichuan University (Engineering Science
Edition), 2012, 44(6): 92 - 96. (in Chinese))

(8] sk, 4 &, FEweMe, & HDRORHRIG 4 RN ) 3
MrwFoc[d. &+ J1 %%, 2016, 37(8): 2187 - 2197. (WU
Li-giang, ZHU Sheng, ZHANG Xiao-hua, € a. Analysis of
scale effect of coarse-grained materialg[J]. Rock and Soil
Mechanics, 2016, 37(8): 2187 - 2197. (in chinese))

[9] VARADARAJAN A, SHARMA K G VENKATACHALAM
K, et al. Testing and modeling two rockfill materials[J].
Journal of Geotechnical and Geoenvironmental Engineering,
2003, 129(3): 206 - 218.

[10] WRREA, 2K Bk, KibE. ANRRIUREEORHK 50 B2 5 AT

Rtk R i RSO ). 7K HLRR USRS, 2001, 19(2): 39 - 42.

(L1 Neng-hui, ZHU Tie, MI Zhan-kuan. Strength and

deformation properties of trandtion zone materid of

Xiaolangdi dam and scde effect[J]. Hydroelectric Energy,

2001, 19(2): 39 - 42. (in Chinese))

FARE. BRI AR TR R O[], S TR,

1994, 16(4): 89 - 95. (WANG Ji-zhuang. The deformation

characteristic and scaling effect of coarse-grained material[J].

Chinese Journal of Geotechnical Engineering, 1994, 16(4):

89 - 95. (in Chinese))

[12] WEI K M, ZHU S, YU X H. Influence of the scale effect on

the mechanical parameters of coarse-grained soilg[J]. Iranian

[11

_—

Journal of Science and Technology, Transactions of Civil
Engineering, 2014, 38(C1): 75 - 84.

[13] fefRAN, A i, Whedk, . HEA AR )28 T I RS
MARFSE[. A 0155 TR, 2010, 29(2): 328 - 335.
(HUA Jun-jie, ZHOU Wei, CHANG Xiao-lin, et d. Study of
scale effect on stress and deformation of rockfill[J]. Chinese
Journal of Rock Mechanics and Engineering, 2010, 29(2):
328 - 335. (in Chinese))

[14] miE s, 82806, KRR, HEATRHIL MBI s 45 1 50 AR
K-G BB SR 10 A AR R R (D). 7Kg ke sy

%, 2006, 25(6): 26 - 33. (GAO Lian-shi, CAl Chang-guang,
ZHU Ja-qgi. An andysis method for uncoupled K-G mode
parameters in site confined compression test of rock-fill
meteridls and its application on CFRD[J]. Journal of
Hydroel ectric Engineering, 2006, 25(6): 26 - 33. (in Chinese))

[15] ZE A0S, & 5%, PIRRDRL L 1 L a0 [J]. Bhge kb4
A, 1991(2): 25 - 29. (LI Feng-ming, BIAN Fu-zong.
Comparative test of two kinds of coarse-grained soilg[J]. Site
Investigation Science and Technology, 1991(2): 25 - 29. (in
Chinese))

[16] #EML =, F7RER. RAM— oK Ll AR A7 UL IR R
PEJFRFST[I). 407K 3], 1996, 15(4): 7 - 12. (DONG Huai-san,
Y IN Cheng-yao. Study of construction material properties for
TSQ-1 concrete faced rockfill dam[J]. Hong Shui He, 1996,
15(4): 7 - 12. (in Chinese))

[17) Kt m, FEVE, Rbeth, & HURDRHRNC 4 RS s 9%
FERIGHTST[]. & 112, 2010, 31(8): 2394 - 2398, (ZHU
Jun-gao, WENG Hou-yang, WU Xiao-ming, et 4.
Experimental study of compact density of scaled coarse-
grained sail[J]. Rock and Soil Mechanics, 2010, 31(8): 2394
- 2398. (in Chinese))

(18] Zekd, ok f, W%, & KUK RO5 10
B RT3 LR M E e[ e 1+ ) 2%, 2015, 36(14 Tl 1): 417
- 422. (ZUO Yong-zhen, ZHANG Wei, PAN Jiajun, et al.
Effects of gradation scale method on maximum dry density of
coarse-grained soil[J]. Rock and Soil Mechanics, 2015,
36(S1): 417 - 422. (in Chinese))

[19] & %, FIKBI, SIEVE. RURLBTIUMRL 2 S L 48 R
NG, A4 155 TRk, 2011, 30(2): 348 - 357.
(ZHU Sheng, WANG Yong-ming, WENG Hou-yang. Study
of scale effect of density of coarse-grained dam materialg[J].
Chinese Journa of Rock Mechanics and Engineering, 2011,
30(2): 348 - 357. (in Chinese))

[20] XIAO Y, MENG M, DAOUADJI A, et d. Effect of particle
size on crushing and deformation behaviors of rockfill
materials[J]. Geoscience Frontiers, 2019. https.//doi.org/
10.1016/j.gsf.2018.10.010

[21] FLEERL, XIT%, AB4E . HEA R RS 29 (4 )
B % R =57 &[] &+ TR, 2016, 38(11):
1941 - 1947. (KONG Xian-jing, LIU Jing-mao, ZOU De-gao.
Scale effect of rockfill and multiple-scale triaxial test
platform[J]. Chinese Journal of Geotechnical Engineering,
2016, 38(11): 1941 - 1947. (in Chinese))

[22] OVALLE C, FROSSARD E, DANO C, et a. The effect of
size on the strength of coarse rock aggregates and large

rockfill samples through experimental datgJ. Acta


https://doi.org/

1022 +

i)
Fay

T

2y

o2 R 2020 4F

Mechanica, 2014, 225(8): 2199 - 2216.

[23] ALONSO E E, TAPIAS M, GILI J. Scale effects in rockfill
behaviour[J]. Géotechnique Letters, 2012, 2(3): 155 - 160.

(241 5% W, A, FERAK, A AR OO K 4 AL

FIMFIE[I. A % T REAER, 2012, 31(12): 2473 -

2482. (MA Gang, ZHOU Wei, CHANG Xiao-lin, et a.

M esoscopic mechanism study of scale effects of rockfill[J].

Chinese Journa of Rock Mechanics and Engineering, 2012,

31(12): 2473 - 2482. (in Chinese))

(S I & T [ - B %+ we S T b AT 2

PR, A TRESAR, 2018, 40(5): 880 - 889. (XU

Kun, ZHOU Wei, MA Gang, €t d. Review of particle breskage

simulation based on DEM[J]. Chinese Journd of Geotechnical

Engineering, 2018, 40(5): 880 - 889. (in Chinesa))

MCDOWELL G R, DE BONO J P. On the micro mechanics

of one-dimensiond normal compression[J]. Géotechnique,

2013, 63(11): 895 - 908.

[27] DE BONO JP, MCDOWELL G R. DEM of triaxial tests on
crushable sand[J]. Granular Matter, 2014, 16(4): 551 - 562.

[28] WEIBULL W. A statigtical theory of the strength of
materials[J]. Proceedings of the American Mathemeatical
Society, 1939, 151(5): 1034 - 1034.

[29] BAZANT Z P. Size effect in blunt fracture: concrete, rock,
meta[J]. J Eng Mech, 1984, 110(4): 518 - 535.

[30] MCDOWELL G R, AMON A. The application of weibull
statistics to the fracture of soil particles[J]. Soils and
Foundations, 2000, 40(5): 133 - 141.

[31] LI H, MCDOWELL G LOWNDES I. Discrete eement

[29]

[26]

modelling of a rock cone crusher[J]. Powder Technology,
2014, 263: 151 - 158.

[32] CIANTIA M, ARROYO Alvarez de Toledo M, CALVETTI F,
et al. An approach to enhance efficiency of DEM modelling
of soils with crushable grains[J]. Géotechnique, 2015, 65(2):
91 - 110.

[33] LI G LIU Y J, DANO C, et d. Grading-dependent behavior
of to continuous

granular materials: from discrete

modeling[J]. Journd of Engineering Mechanics, 2014, 141(6):

04014172.

[34] Itasca Consulting Group Inc. Particle Flow Code in 3
Dimensions (PFC®) version 5.0[CP]. Minneapalis: Itasca
Consulting Inc, 2014: 2199 - 2216.

[35] TYLER S W, WHEATCRAFT S W. Fractal scaling of soil
particle-size distributions: andysis and limitations[J]. Soail
Science Society of America Journal, 1992, 56(2): 362 - 369.

[36] ZHOU W, XU K, MA G et a. Effects of particle sizeratio on
the macro-and microscopic behaviors of binary mixtures a
the maximum packing efficiency state[J]. Granular Matter,
2016, 18(4): 81.

[37] FkWI, & %, AL<R, & SUMCHDRDRL D 2R P 1 4
R NI, A+ F12%, 2013, 34(6): 1799 - 1806.
(WANG Yong-ming, ZHU Sheng, REN Jin-ming, et al.
Research on scale effect of coarse-grained materials[J]. Rock
and Soil Mechanics, 2013, 34(6): 1799 - 1806. (in Chinese))

[38] NG T T, ZHOU W, CHANG X L. Effect of particle shape and
fine content on the behavior of binary mixture[J]. Journal of
Engineering Mechanics, 2016, 143(1): C4016008.

[39] STHARAM T G NIMBKAR M S. Micromechanical
modelling of granular materias: effect of particle size and
gradation[J]. Geotechnical and Geological Engineering, 2000,
18(2): 91 - 117.

[40] THORNTON C. Numerical simulations of deviatoric shear
deformation of granular media[J]. Géotechnique, 2000, 50:
43-53

[41] ROTHENBURG L, KRUYT N P. Critical state and evolution
of coordination number in smulated granular materials[J].
International Journal of Solids and Structures, 2004, 41(21):
5763 - 5774.

[42] ZAMPONI F. Mathematical physics: packings close and
loose[J]. Nature, 2008, 453: 606 - 607.

[43] GU X, HUANG M, QIAN J. DEM investigation on the
evolution of microstructure in granular soils under

shearing[J]. Granular Matter, 2014, 16(1): 91 - 106.



%42% 6l = + T B % Vol.42 No.6
2020 4= 6 H Chinese Journal of Geotechnical Engineering June 2020

DOI: 10.11779/CIGE202006005

AR ME TR S R IR & B R

1, 2 *1, 2 1, 2 1, 2 1, 2 LN Y 3 4
k&S BRERTS K U TARTS BREBEWCS, xIXES, £E4E
(1. WA T2 IR TR W TS0 00 %, YLJ8 P9t 210024 2. iK% TR 20\ 24P, YLJ5 m At 210024;
3. ERKFE AT R, HIK 400045; 4. Fim DM KA %6, 9% B95{ 210009)

1§ F. WAL BIHAR . BRSNS R ALK . AR S BIR S TIE (MICP) &A1 4l
PO R 2 B I MR A PR R o FRJRE T MICP 5 I ] F g 45 St 25 (1) HR 30 5 300, F98 T MICP i [ 45 s
HEEI B ) S AR TR BB PR RS, BT T RS T S0 R B S )RR 1 R . &5 SR B MICP i [ 45 S
FEAE T RHR B I AR R L B R B R ] 43 9 PRGHRG I BL . PR B R A e W B 3 AN B, Tk T A
] R B U AN A7 RS AR P B . R TR I, MICP &b BRS [K4T B s BB FLIE S Ry R B G, %
BH 0 I i (95 b b S B TRAL e DAS B s S — 5T, KRB (1 At I SR (B R RO, BRIk, RS T
ST ZEmt, 75 18 MICP I J 25 SUib L7 R /6 F T 7 AR 00 i3 D S T5OR3R . MICP I 4545 i [ B Ak,
SR JEAANAN L5 TR I S AR EEAE OC, 385 A S T ORI HES AR AT O $RBN I3 SR T I RS, oG T A
WP rEgE, BT LR TR

EHRIRE: UEWE S OIR DT OIS, DU ERE; BRI BT RENGRK

FESES: TU43 XHERFRINAD: A N EHE: 1000 - 4548(2020)06 - 1023 - 09

EZ Iy KEEH(1988— ), B, LA, EBEMNFMAEDA THAR K 5 12515« E-mail:_zx1201409@163.com.

Performance evaluation of liquefaction resistance of a M| CP-treated
calcar eous sandy foundation using shake table tests

ZHANG Xin-lei 2 CHEN Yu-min®? ZHANG Zhe" 2, DING Xuan-chen® 2, XU Sheng-ming" ?,
LIU Han-long®, WANG Zhi-hua®
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2. College of Civil and Transportation Engineering, Hohai University, Nanjing 210024, China; 3. College of Civil Engineering, Chongging
University, Chongaing 400045, China; 4. School of Transportation Engineering, Nanjing Tech University, Nanjing 210009, China)
Abstract: Calcareous sandy foundations are susceptible to liquefaction when subjected to dynamic loading such as seismic or
wave loading. The microbially induced calcite precipitation (MICP) treatment is a relatively new method to improve the
liquefaction resistance of calcareous sand. In this study, severa shake table tests are conducted to evaluate the seismic
performance of MICP-treated calcareous sandy foundations. The influence of seismic history on dynamic performance of
calcareous sand foundation is analyzed. The results indicate that the dynamic response of the soil after MICP treatment,
including the excess pore water pressures and vertica settlements, can be divided into three main stages: the stable stage, rapid
development stage, and gentle stage. The liquefaction resistance of MICP-treated sand isimproved significantly. However, the
surface accel erations for the MICP-treated models are amplified. Thus, when designing the treatment program, it is necessary to
consider the tradeoff between the improved liquefaction resistance and the minimized undesirable amplified ground surface
moations. The liquefaction resistance of MICP cementitious cdcareous sand is related to intergranular cementation strength and
relative density of soil and particle arrangement. The history of vibration improves the relative density of the foundation, and

the liquefaction resistance significantly reduces the surface settlement.
Key words: microbially induced calcite precipitation; cal careous sandy foundation; liquefaction resistance; dynamic response;
history of vibration; shaketable test -
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Fig. 1 Scanning e ectron microscope (SEM) images (in different
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Table 1 Loading conditions
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TH ST e b oD P p—— oLy T D/% /g
UN-1 — — — — — 413 0.15, 0.20
UN-2 — — — — — 43.1 0.30
MICP-1 27 0.8 3.99% 1.0 50 40.1 0.15, 0.20
MICP-2 54 0.7 3.794 05 100 39.8 0.15, 0.20
MICP-3 0.7 3.524 05 100 42.3 0.30
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Fig. 6 Time histories of dynamic pore pressure (first loading, 0.15g)
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Fig. 7 Time histories of dynamic pore pressure (first loading, 0.3g)

MICP-3 T4t 3 fLE SRR 5 MICP-2 AL,
Ao ARESR G B PRI BB B 3
BrBro PAIIEIEShfr B EHBN, MICP-3 T 4
B BARF LI R (Z02h 5'9) AT MICP-2 (42 10
) AT, Ud WA I R R M BE 1R B e
A INEREEA I, S E3HREA K. (ER3)
15s /5, MICP-3 BiAY |- P2 Ab i)k L s {f 1k 3
1.9kPa ( EAA N1, 1A PL I i LR R
fE LT BB AN ) 3.4 kPa, H eIk B AL 5 Frak
THE. HHIERT I, 22 MICP i[5 R85 ST e
R A BB s [N, 7ER ) MICP AL B A
B GORD HUEE Iy, N R AR RN R, Bl R



1028 a5 oE L OB ¥ M

2020 4F

IR I R AR AL IS
Shy S BT ) 23 B o 7 M e 68 LR A R A, 14 8
X5 TG LR MY BE AT TR . ikl 8 7T
Bl REE BRI B LTS A, A O
AFEEREIRGIN B AHFIZRAE T, n ] Tl s
B BERF L I TR B TR N Tt e PG M B
T ARGE A B IR 8 I 1) 5 A o ] 2 o R 2y 28
SREEA G MICP-2 B e ¥ 3% M Bt S R gt g K o B 73
AYERE T 10, A1s, IR R [ I TR LA ) MICP-1,
PR G I B R R K B RF S T 2, B, XUt
BF 0 ] 5 P55 S A0S0 PR, A $ik I B A PR K
B BCAERF A8, M BEHR BT 9 B AL fig ) i
MICP-3 1% =% M BE K A MICP-2 1) 60%/c
A7, RIS B Bk, B8 835 M BRI ()
Bk, X5hmERE RN EA K.
15

CseiRsme
U s K b B

alll

UN-1 UN-2 MICP-1 MICP-2 MICP-3

FREEmT /s

[~}

8 & ITRSMERRK
Fig. 8 Duration of each stage in cases
2.3 IEBIMRITIIE
K MICP-3 [ A, X HZAH UN-1.
MICP-1 Jz MICP-2 H A5 ) 1y 3 T B I A, Tl Bl 9 BT
28 MICP Ab3 5 (PR 7Y b BE 3¢ B W 9/, UN-1
H L UTIAZ A 19.2 mm, MICP-1 #3144 10.5 mm,
1M MICP-2 Hu & T % A5 6.6 mm, AHXS T~ sl T3
I/ T 63%. X LA THL R DU, MICP Ak
FRHEL (MICP-1 K MICP-2) I R& A At 5 R i ]
T4 (UN-D) fFAE R A, S50 R R —EL,
AP S MICP-2 MR it n] 434 3 AFrBr: OFa
PR EBL (0~10 s), JEFrBER, 50k n i i 45
RREIR,  TRERRIAL TSP ER By, R AR AT
B, QP KB (10~209), BEERFLEME, K
ST ARIEIR, MR IFURYTIE,  FL A 2 34 i 1
K @FFaHrB (20~30s), KB L T % T
R o BB S IR R s e 22 Kl 1)
A K.

3 #RENEMREMANE LS FRE i E
bk eak: A
B YOI A ALK I 52 4 U

BEAT SR U, WSS D SR R R Ak A AN £
JoRD ML HTRAL T RE 1 2 o

-10

E REREHE | AR KB B FRab B

|
W

RV /mm
52 w o

—_
w

[\
=]

A /s
9 MMM L (E—XINE, 0.150)

Fig. 9 Time histories of vertical settlement of soil during shaking

(first loading, 0.159)
3.1 b EINIER FE M S 43FE

Bl 10 A #0038 — R b 35 1 o el 5 g ) T
BL UN-1, MICP-1 A5 70 Bih i £ F55 Ak 1) Jon st J85 347 H B
ORI, I HAESEANPRA ik R v A I S () S 9k
MG, KUK KA B IR sk G . &)
S YOME S, UN-1. MICP-1 [f b JLHi i fb o i 43
BT RS, EEEPE: OARMME THL, A0 T8
T — R Ja AR AN S, AR FL R /K R
TG, & AT 1.9 om ik, 45 5D R E T
HeF mefr, MR SRR A (A 41.3%7% 8 60.1%),
AT 17T A ] b 55 1 0 A0 n FE AR B AR K s @
MICP-1 T-%t, £ MICP AbBE )5, A Hh 3L (13l 4 1k
PR3 T HGE, BURE —ooma, Aok R AR BT
IS AR T B B RS2, 45 b [l (1) MICP
RS R A T AR SR, REEB LRI RS, R
FEAET 12 om PikE, LB ST N 40.1%%E N
50.3%, HiuHk 1 PR ST P2 PR i A 45 b S (1) v A ot
FEfREIem, Bk, 2 =m#d MICP-1 TRk A
Witk

5 UARE, MICP-2 Ml 55 1% 5 T 3 3 0 {44
KT IR ARV fEIRBITaR 2 s 2247, TN
TR A, BRI B R R Y, R R
T AR S ok R, HhItsk M iktk, fUE LTS
o B OMAE MICP-2 s 5 A S gt A T
KW NN (0.159), HARTH MICP-2 #h
SBILE A PRI, AR SO A I A &
PR TEA AL, M IX LG 4 45/ 7E 2 — k4R ah it
Firr (0.29) BB RA: T 20k
3.2 HEEBFLIEKE A RYFIE

Bl 10 4 58 — RIS T AR FLR IR i £k . B B))
FAIEEAMER, L& UN-1 2 MICP-1 () - FEEIR
BT, BY4E R G, B IE. I,
PRk (b NIRIEZ N 2 kPa) HIGHT T,
T — N5, T ARB SRS, UN-1 & MICP-1



% 6 1 TKEEAE, S5 BCEYIRESINE AR AGAS D M ) R 8 SR S 5T 1029
06 5 AT B M =20.2¢ it 5 AT B M =20.2¢ 0.6 5 AT B M =02
o > R T R A
g ok g ok ‘..‘u.u R R b sl e iad i “' g ok
_________________ = iy A A AR I |
= oaf *‘—0.3—ﬁ!‘\\HﬂW‘W‘mmmm‘m‘mmw & _oa[pI[mmmmmmmmmmmm
-0.6 . .UN_.1 . . L A3 -0.6 . .MICP._1 . . L A3 -0.6 . .MICP._2 . . . A3
"0 5 10 15 20 25 30 35 "0 5 10 15 20 25 30 35 "0 5 10 15 20 25 30 35
i 1E)/s i 1E)/s i 1E)/s
06 0.6 061
03 WA EE=+02g 03 WA EEE=+02g 03 WANEEEE=+02g
S0 L o e
2 of 2 o | fili- = of
= = S L
-03 UN-1 A2 0. MICP-1 A2 -03 MICP-2 A2
-0.6 | | | | | | ) -0.6 | | | | | | ) -0.6 | | | | | | |
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
i 1E)/s i 1E)/s i 1E)/s
06 0.6 0.6
WANEEEE=+02g WA EE=+02g HWANEEEE=+02g
20 . = 0 03 _TW\’WFTT”T""WT“W“"“VWW‘WWWW 2B - T} T (7 7 787 8 7 7 0 o o o 2
B L Bl Bl
g _________________ g OV ELPAEECEDCLEPEEECErMEC AL i_gé _________________
031 UN-1 =03 MICP-1 =0 MICP-2
0.6 L \ \ \ L AL ~0.6 L \ \ \ . AL ~0.6 A A . LA
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
i iEl/s i} [6]/s i I /s

10 HEETF SMERERIZ(EZRME, 0.29)
Fig. 10 Acceleration responses of model foundation (second loading, 0.29g)

Mo - MDA D

S 4
[-™

s 5| BEABUL0'=19 kPa

5l 2 i

g2

&= 1

ﬁ 0 Kl

&,

H g 5 10 15 20 25 30 35

s} ) /s

ARFFLERAK E F1/kPa
N= O =N WA

(=}
w
—_

15 20 25 30 35
s al/s

11 HEE TS RBILENIZ(ERmME, 029)
Fig. 11 Time histories of dynamic pore pressure (second loading,
0.29)
P50 JJ7 56 RS A B TR OB AL B e i 4%
Ko W2 6s)E, T MICP-2 BB AL 1345 P2 I
RGBSR B, KAWL MR PL Bk
N ETHE 25 kPa Aidi, RERAR. F—kIxg)Hh
TR S PTG SR () 00 MICP-2 Clin [ 56 5 4
1), 155 IR IRBN I LB TR AL B 00 AR T A ] T
Bt UN-1 2 MICP-1, EZ 5 K& MICP 4545 iitib i)
PRI AN 5 BRI &5 i BEAR G, 165 1A%
SEPE R R HES AR AT . Sk S — kRS )R, BAR
MICP-2 JUki 1] (1) fie 45 i B 22 5 T MICP-1 J% UN-1,
(EIL S g Fe i TR AS T, R Hbuiith
o8 P55 AR A X A A1 o

ZE PR S0 AR AR T [T A8 b TR
IR 22 1 PR AR e 7 FURE SR vt B3 ) MICP i [l
PRI, FEHLE KRS TS R IR SR M
R R Db, A7 0 4 15 2k 20
FEAE T L RE TR OR A Ak .

3.3 HEAMRITE

K] 12 5 kIR B UK MLt e v A i 4k
T MICP-2 [l R IR N 6.6 mm, KT H R4
T T¥ UN-1 K MICP-1 [ 2 1T 1445 ok 4.3,
5.2 mm, 214 5N R AR 22%, 50%.
ALLEH, & TOUE ot R b AR R M R
TOUNT R — gk, X RIAREN I L Re A 80 e
HOIEHTR . 28 IR PEBhIN, HAR MICP-2 ik P2 I i
Wb RAET WA, AR TREN T S AR, B M
A YT ELE /N T UN-1, MICP-1 L4 — Ik dR3h ™
A TDTRE

B [T fmm

0 5 10 15 20 25 30
i} [B]/s

12 hEREEEAHIIZML% (ETRIRR, 0.29)
Fig. 12 Time histories of vertica settlement of ground surface
(second loading, 0.29)



1030 a5 oE L OB ¥ M

2020 4F

% 2 S THOMRDIFRI SR . WXk,
MICP-1. MICP-2 205784 My i R 1] R AR TR 3 0k
157, 13.2 mm, /N FARME T4 235 mm, B8
MICP i [l w7 R B A R B

R2 £—. Eo RS ETIRE
Table 2 Ground subsidences during shaking

T HZR YT /mm
Uk o 21t
A I UN-1 19.2 43 235
MICP-1 105 5.2 15.7
MICP-2 6.6 6.6 13.2

3.4 RET. EHEERELE

Pl 13 Ay 3 Jok 1 2 i B Bt 40 A5 B TR A S A
R BE B S o PRAT A I b B S A — 3,
BIR A0% /iAo BRI A8 JE M S W 2
RN T80 UN-1 % SEREHE G T 46%, MICP-1 #2551
26%, 1IN RCR B U MICP-2 1 b A s s 4
i 1 18%. HJ WLER — IR R T M B A S R R A
TARRRE RO, IRLsa Rt e, PRBh I R e
AR REIR RN, AR DR S PR R, A s
FEASAUREAN B i o B8 RINER, A LU A b
SE R i B2 W IS T2 — 20 Z&, UN-1, MICP-1
J MICP-2 T AR SR 2y il T 7%, 10%/% 12%.
s i 24 T BP0k T HES . HhIE A SR R
NI S A i [ 3 Hb R O A B

80
9
RN —H R

i VA=

2

B[R] YL /mm
5

[V}
(=]

UN-1 MICP-1
13 #Rahal. EREMERLE
Fig. 13 Relative densities of model foundation before and after
shaking

MICP-2

4 % #

BT eah SRR WL T R BN 85 5ehb b
SR Iy SNREES A RTEGASE T AN RN P ) T St
TR S M AL b AL R R L LA S AR R M SR I
B, BRUT T RS D SR A R B ) e BAREAE S
PUBALTERERREMD, G EILLT 3 1M 45ie.

(1) MICP #E T [l £ A e A 2804 e M AN Jig
WL BRI HTALTERE, 22 MICP AL HELS (R85 B b ik
BALIS S IR YRR AT PR A BRI AN R
K PRIt P 35 E DRAN TR R P2 R ORS00, RS it 2

ORISR, A Db B2 SR A B ) R 8
AN DA B[V M 3R RORIE B () A s ] A ] —
TR EEAS [T B A R el P TROR R B sk, R WA
ERER NS AT AE — A S s sk, ERH
MICP A RIS b b SE I, W4 w2 AR rn
[l 5, 7 LA R I R AR AL IR

(2) MICP Ji &85 s 2l L DL R e i b Je
ook 3B RE RGN B PR B
R B, SN BRI E R O 5 A
I AT D s B AT 0% {E Rl SGK r Bey
Tor ] b 35 8 FL T S I 45 AE 5 b 1 LR 2 B 43 A
ABh, SO B )RR L s 4R Bl R It IR I 114 47 5L
JE, 32 T R 45 4h A R AR I A BT

(3) P50 JJ7 s e A R s B TR, & T
S OB R A AR bR RSN TR )N
B Pesh s SE R TS DL R S R
w, AT E T AN S Prisite tE e s &k
WYIHESR NS b s TR, AE R R A S5 75 545 i
Wi RS R 1 AR B0, A
1 2 i 5 43 O T B BEAE T U RE R 2B A

SE K-

[1] XIAO P, LIU H, XIAO Y, et d. Liquefaction resistance of
bio-cemented calcareous sand[J]. Sail
Earthquake Engineering, 2018, 107(1): 9 - 19.

[2] ZHOU X Z, CHEN Y M, LI W W, et al. Monotonic and cyclic

Dynamics &

behaviors of loose anisotropically consolidated calcareous
sand in torsonal shear tests[J]. Marine Georesources &
Geotechnology, 2019, 37(4): 438 - 451

[3] VELEZ M, CRISTINA A. Evauation of fied based
liquefaction approaches for calcareous sands using shear
wave velocity[D]. Rhode Island: University of Rhode Island,
2014.

[4] MORIOKA B T, NICHOLSON P G. Evauation of the
liquefaction potential of calcareous sand[C]// The Tenth
International Offshore and Polar Engineering Conference,
2000, Washington: 494 - 450.

[5] SHAHNAZARI H, JAFARIAN Y, TUTUNCHIAN M A, et al.
Probabilistic assessment of liquefaction occurrence in
calcareous fill materials of Kawaihae Harbor, Hawaii[J].
International  Journal of Geomechanics, 2016, 16(6):
05016001.

[6]) MONTOYA B M, DEJONG J T, BOULANGER R W, et al.
Liquefaction mitigation using microbial induced calcite
precipitation[J]. Proceedings of GeoCongress, 2012; 1918 -



% 6 4]

SREEA, S5 PUAEIRESR N AL S TR s R (R RS B T ST 1031

1927.

[7] WOODWARD J An Introduction to Geotechnical
Processes[M]. London and New Y ork: Spon Press, 2005.

(8] i ®, #& &, ¥Pk, 5 WY T HEORIE
[J. 7 THEA), 2016, 38(4): 643 - 653. (HE Jia, CHU
Jian, LIU Han-long,
biogeotechnologies[J]. Chinese Journal of Geotechnical
Engineering, 2016, 38(4): 643 - 653. (in Chinese))

[9] #EDG, FEBEHE. Al LU YAl B[] W R
Tk K2E244), 2016, 48(12): 103 - 107. (HAN Zhi-guang,
CHENG experimental study  of
microorganism’s treatment on liquefiable sands[J]. Journal of
Harbin Institute of Technology, 2016, 48(12): 103 - 107. (in
Chinese))

[10] B&F, £, £ k. SCEBRESR I - ARBT T8
[J. #1J1%%, 2015, 36(6): 1537 - 1548. (QIAN Cun-xiang,
WANG An-hui, WANG Xin. Advances of soil improvement
with bio-grouting[J]. Rock & Soil Mechanics, 2015, 36(6):
1537 - 1548, (in Chinese))

[11] DEJONG J T, FRITZGES M B, NUSSLEIN K. Microbially

et d. Research advances in

Xiao-hui.  An

induced cementation to control sand response to undrained
shear[J]. Journal of Geotechnicd and Geoenvironmenta
Engineering, 2006, 132(11): 1381 - 1392.

[12] ZWIZR, LIN Li, 5KIAR, 45 SR ORRIR ES e R Ak
b, 9 TRENMMAEAREI. AR TRYKR,
2016, 49(10): 80 - 87. (LI Ming-dong, LIN Li, ZHANG
Zhen-dong, et d. Review, outlook and application technology
design on soil improvement by microbial induced calcium
carbonate precipitation[J]. China Civil Engineering Journal,
2016, 49(10): 80 - 87. (in Chinese))

[13] x| 8, vk, KNP0k, 55 RIS ARG S U

IR ST, A 1%, 2016, 37(12): 3410 - 3416.

(LIU Lu, SHEN Yang, LIU Han-long, et a. Application of

bio-cement in erosion control of levees[J]. Rock and Sail

mechanics, 2016, 37(12): 3410 - 3416. (in Chinese))

NGRS, WA, BORE, & UEYUTRRIR S [ A 1

IR, A+ 1%, 2017, 38(11): 3225 - 3230. (SUN

Xiao-hao, MIAO Lin-chang, TONG Tian-zhi, e d. Sand

solidification test based on microbially-induced precipitation

of calcium carbonate[J]. Rock and Soil Mechanics, 2017,

38(11): 3225 - 3230. (in Chinese))

[15] w0, WA SBRIRERVIE (MICP) BB A
Fe CAIRIMEFL[D]. B WivLEl T K%, 2017. (GAO

[14

=

Yan-xu. Microbia Induced Carbonate Precipitation (MICP)
Agglomeration of Fly Ash From Waste Incineration[D].
Hangzhou: Zhejiang University of Technology, 2017. (in
Chinese))

[16] Ej%hk, RUE%, Mk, 55 WAEDTE SERIR ERDTTE &
FCAE [ 52 TG AU ) T HERE L] PRI RS, 2018,
31(2): 206 - 214. (WANG Mao-lin, WU Shi-jun, YANG
Yong-giang, et d. Microbia induced carbonate precipitation
and its application for immobilization of heavy metas: a
review[J]. Research of Environmenta Sciences, 2018, 31(2):
206 - 214. (in Chinese))

[17] HAN Z, CHENG X, MA Q. An experimental study on
dynamic response for MICP strengthening liquefiable
sands]J]. Earthquake Engineering and Engineering Vibration,
2016, 15(4): 673 - 679.

[18] MONTOYA B M, DEJONG J T, BOULANGER R W.

Dynamic response of liquefiable sand improved by

microbial-induced calcite precipitation[J]. Géotechnique,

2013, 63(4): 302 - 312.

FEGENE, BE o, B B, AR GUEWRESR N AL 1

MBI S BRI SE[]. b IR, 2013, 35(8): 1486

- 1495, (CHENG Xiao-hui, MA Qiang, YANG Zhuan, et al.

[19

—

Dynamic response of liquefiable sand foundation improved
by bio-grouting[J]. Chinese Journa of Geotechnical
Engineering, 2013, 35(8): 1486 - 1495. (in Chinese))

WRiEE, E e, g, AF. 55 BRNIORLIK TR 2 T[]

5 J12%, 2005, 26(9): 1389 - 1392. (CHEN Hai-yang,

WANG Ren, LI Jian-guo, et a. Grain shgpe andysis of

calcareous soil[J]. Rock and Soil Mechanics, 2005, 26(9):

1389 - 1392. (in Chinese))

[21] Jrkedr, WA, & 9, 55 WCEDUIR BRI [ AL I
B PRR IR T [ ). A 1%, 2015, 36(10): 2773 - 2779.
(FANG Xiang-wei, SHEN Chun-ni, CHU Jian, et d. An
experimentad  study of cora sand enhanced through

[20

(]

microbially-induced precipitation of calcium carbonate[J].
Rock and Soil Mechanics, 2015, 36(10): 2773 - 2779. (in
Chinese))

[22] 32 ), {IENS, PGS RO IR S IR IR S U
IR R ST, b RRAAR, 2018, 40(6): 1048
- 1055. (PENG Jie, FENG Qing-peng, SUN Yi-cheng.
Influences of temperatures on MICP-treated soils[J]. Chinese
Journal of Geotechnical Engineering, 2018, 40(6): 1048 -
1055. (in Chinese))



H o+ TR o R

Chinese Journal of Geotechnical Engineering

Ba2E Fel
2020 4F 6 H

Vol.42 No.6
June 2020

DOI: 10.11779/CIGE202006006

NATEGEFENTERIT RN LR ERE K
SHI R

IHH L FER, KA, BRIES

(1. RRFEARTRR, L 200444; 2. g miBCr R GERD fRA R, g 200065; 3. FilEhs - wi ik (SEED 1 BRA R, i 200093)

5 F. HuiEbulEer, PaiX AR H gk ST BN A B AL o S AT T vl B8 B e S o i ) &5
B, TEVFE BN X NSRS B L AR PR AR TR AR () 33 o s T X e i A Y, S I I A = 4
WT 30 2ANEHUIBEBNX T ARARLL LSS AL X — N ILB TR, Sl U R V23R T AR AR e kS 4
AR R AATEEE, e Tl R TR S5 S A AR S EI A DG R o B 51N AR 1 9 2 it Bt
HIEA SR

. ARgRbhonds, WWIEGE: Ko RTINS BB

PESES: TU43 XHERFRINAD: A N EHE: 1000 - 4548(2020)06 - 1032 - 09

YEZRIN: FEbH(973— ), YW, ML, S TR, RENFEGT TR, EMEREIE K& 07 2% BB J7 T
TAE. E-mail: tjwanghongxin@163.com.

Nonlinear soil spring model and parametersfor calculating defor mation of
enclosure structure of foundation pits
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(1. Civil Engineering Shanghai Universty, Shanghai 200444, Ching; 2. Shanghai Urban Congtruction Municipal Engineering Co., Ltd.,

Shanghai 200065, China; 3. SGIDI Engineering Consulting (Group) Co., Ltd., Shanghai 200093, China)
Abstract: At present, when cal cul ating deformation of foundation pits, it is unreasonable to use linear elastic spring to smulate
the soil in the passive area. In order to make the cal culation of foundation pit deformation closer to the actual monitoring results,
the spring reflecting the non-linear deformation characteristics of soil should be used to simulate the soil in the passive zone
during the calculation. In this study, a hyperbolic function soil spring model is established, and the parameters of non-linear
spring in the passive zone of more than 30 foundation pits are analyzed based on the monitoring data. For atypical project, the
parameters of the non-linear spring are obtained by the in-situ testing method. Based on the back analysis results, the correlation
between the parameters obtained by back analysis and those obtained by in-situ testing is discussed. The results of this study

can be used for reference when introducing non-linear e astic spring to improve the agorithm of foundation pits.

K ey words: nonlinear spring; monitoring data; back anadysis; in-situ testing; deformation
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Table 2 Composition and characteristics of foundation soil
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Table 3 Parameters of pressuremeter tests
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Table 4 Parameters of nonlinear springs

@kt

G EL

at

a

b¢

b

at

a

b¢

b

%" 1
" 2
k1
5&J% 2
IR TEAR

118X 10°
151X 10°
6.92X 10°®
7.42X10°
2.73X10°

2.82X10°
2.82X10°®
2.82X10°
2.82X10°
2.82X10°®

4.44%10°
5.33%x 103
3.12x 103

1.14X 10
1.14X 10
1.14X 102
1.14X 102
1.14X 102

7.42X10°
5.17X10°
4.32X10°
410X 10°
136X 10°

1.18%x10°
1.18x10°
1.18x10°
1.18x10°
1.18x10°

2.03%x 103
2.34% 103
1.83x10°

6.49X 10°°
6.49X 10°°
6.49X 10°°
6.49X 10°°
6.49X 10°°

T oa alifigily mfkN, b, beFIE ) kPa™t.
25.0¢

200t

FERBU (10°kN-m3)
5 @
< =]
& o O
88

v
=
&

o

f q°° 1 1 [eXfa) )
0 5.0 10.0 15.0 20.0 25.0 30.0
AL /mm

(a) @B

— AR - sHUALR
— b T %L

=

FLRABY (10°kN-m-3)

107y,

— HARE - sHIAR

038 — EFa%s%

06|

KRB (10°kN-m-3)

15000 ~ 30000

0.2

0o 10 2 30 4 0 6
1 % /mm
(c) ® )2
14 EBXMKk-sk&
Fig. 14 k - srelationship of different layers of soil

HiEH: @JZ 14 3.0X10°~1.5X10" kN/m®, @), )z

PR Z BTk 15X 10*~3.0X 10%. 4 15t [l e e 30 [
14 b, R 5 AL AT fUN 3 s Y T AN R A7
Bo WTUEH: AL g2 N A B AR S A % IX 7] 2L
B KT N ER/MIBRR A, o
BB HIEAS R Al T B R R A DA, fEdEhuik
THIS, AT RAES S8 ol SURT P a5 M o B
T Ik A 10 7 VR o R PR R R AR
4.4 ROMERSRMMRERIBEXRLR

FH T A i A7 4R g v (P I L A R S 4 A A
[, TR AR s L S H o RO, AN
THRYU AR G R ZE o (HAnSRA N F s A7)
TR T Bt GV At T mr MR Y FH AR 2R PR B A
M RN a, b EFS B “Esufy”, HE
AR L MR T ST SN IR AT AR T e 2
B, XA, 200 i A A EE T B ad, bOE.
FirLh, T B PR AN [F] B AR R S 5 1 &
BRAR.

FH T A SRR R MR 2 v B s T TR [ 1)
J& T SR A e LA R S oA AR, P A I T
a, b fiflat, b¢EZMMEK KR, HELK KR
H

at=ma , (9a)
b¢=mb , (9b)

L, me, my BARR PR S HU 4 R AL

16 FRBFFT A b, o DE R e XT Eifg T
JE R ARGt 1B BT, N B T B
g L2 12 E SN A R S5 0 RECE L, B
F 4, MR ATLUE W, WY m(HTGHE 2 4~7; 5k
me B HLZE 2~4; IRHER mafHZ N 10; 555 myfi
Jul 2 0.3~0.5; IRl m gyl 03, WK, Lid
SRR BB NER )G, EHTEIUIE S
N} FRDRG P 2 A4 1 o

5 & it

FEREGTBETT N, ah DX AR 2R AR PR R 58
TR o ASCEE T EhIX R KX i e B,
VL] T RIS R S AT SR, IR



1040 s *

2020 4F

TREGT TR LA SR R R .

(1) FEHUHE D AR (K190 2 25 Bt A7 42 K 48 K
TN SR PO S A 20 B e e e AR (1 AR ek A2
JEHRFE

(2) R B3 o I A 38 3o s o3 A i g 7
LA LA S B BV

(3) et S RAE T BE, FHE I JU A R
SR TS B E KRR, WA EDIH
X AR HEE P S HA e AR T o

(4) MRAEMB TREANZANFELTIH], 45t T 1t
P ST - SR IR 2 ML PR R S Bt e, mT
TR TR

SE k-

(3] XU, e, XM, & JEGT TRTIM]. dbst: &
[ 50 TP R, 2009. (LIU Jian-hang, HOU Xue-yuan,
LIU Guo-bin, et a. Foundation Pit Engineering Manual [M].
Beijing: China Architecture & Building Press, 2009. (in
Chinese))

(2 EdH, A ka. BEGTBOUE T AR - - AR A A 2
1B S AR T AR M43 B IR BRI i 3], A
5 TR SR, 2013, 32(11): 2349 - 2358. (WANG
Hong-xin, ZHOU Song. Some problems and suggestions on
load selection, deformation and stability anaysis of the
bar-load-spring model for foundation pit design[J]. Journa of

Rock Mechanics and Engineering, 2013, 32(11): 2349 - 2358.

(in Chinese))

[3] ALY LA IGI120—2012[S]. 2012. (Technical
Specification for Retaining and Protection of Building
Foundation Excavations: JGJ120 — 2012[S]. 2012. (in
Chinese))

[4 3T TR AMIE: DGTIO8—61—2010[S]. 2010.
(Technical Code for Excavation Engineering: DG/TJ08—61

—2010[S]. 2010. (in Chinese))

[5] DUNCAN J M, CHANG C Y. Non-linear analysis of stresses
and strain in soilg[J]. Journa of the Soil Mechanics and
Foundations Division, 1970, 96(S5): 1629 - 1653.

[6] Bttt SxLIE, SRR, 5. HIT A7 g0 e D) St
TR SHO AN T IR DT 53 A b (R 5[],
L TREAAIR, 2012, 35(3): 401 - 408. (YANG Guang-hua,
LUO Yi-dao, ZHANG Yu-cheng, et a. Determining the
parameters of tangent modulus method by simple in-situ test
and its validation in non-linear settlement andysis of sand
foundation[J]. Chinese Journal of Geotechnical Engineering,
2012, 35(3): 401 - 408. (in Chinese))

[7] Boete. IR @R i S vk 507 vR N I [). 4
T+ J12%, 2004, 25(12): 1885 - 1896. (YANG Guang-hua.
Practical calculation method of retaining structures for deep
excavations and its application[J]. Rock and Soil Mechanics,
2004, 25(12): 1885 - 1896. (in Chinese))

(8] oK. JLby TRErh K HE R R B o BT EIE B s I [CY
2016 P4 LRSS R R 2y, KR, 2016: 161 - 165.
(LU Jafeng Research and gpplication of back analysis of
coeffident of horizonta foundation bed in foundation pit
engineering[C]// 2016 National Engineering Survey Academic
Conference, 2016, Taiyuan: 161 - 165. (in Chinese))

[9] &+ T W% MIE: DGI8—37—2012[S]. 2012
(Geotechnical Engineering Survey Code: DGJO8— 37—
2012[S]. 2012. (in Chinese))

[10] FRAEEE, JHEHAR, L Dt 20 1) B PR S ) SR B0
MRS A+ TRE249R, 2004, 26(4): 495 - 499. (LIN
Hua-guo, TANG Shi-dong. Study on the horizontal
coefficient of subgrade reaction for soft soil layers in
Shanghai[J]. Chinese Journal of Geotechnical Engineering,
2004, 26(4): 495 - 499. (in Chinese))



%42% 6l = + T B % Vol.42 No.6
2020 4= 6 H Chinese Journal of Geotechnical Engineering June 2020

DOI: 10.11779/CIGE202006007

AEZEE DPT MG EL R SR E R BT
B X R ERT

BAhAE, Tk’ BREH®
(1. PEME R TR AU E R R s TR S TR Rsh T Sei =, vyl mh/R7E 150080
2. ERIEAETT PSR IR A SR sy A7), SR StEH 550080)
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Sability of DPT hammer efficiency and relationships of blow-counts
obtained by different DPT appar atuses

CHEN Long-wei, WANG Yun-long', CHEN Yu-xiang®
(1. Ingtitution of Engineering Mechanics, China Earthquake Administration, Key Laboratory of Earthquake Engineering and Engineering

Vibration of China Earthquake Administration, Harbin 150080, China; 2. Guizhou Branch of Chengdu Jizhun Fangzhong Building Design

Co., Ltd., Guiyang 550080, China)
Abstract: The blow counts of different DPT apparatuses and their relationships are anayzed by means of the energy-calibration
method which uses a pile dynamic anayzer (PDA) energy measurement and the in-situ DPT tests. The stability of energy
transmitted into penetration tipsis discussed. The anaytical results demonstrate that the DPT is areliable site testing technique
with good hammering efficiency. The energy transfer ratios (ETR) of different types of DPT are high with the average values
more than 80%. The relaionships of blow counts calibrated by ETR values are consistent well with those obtained by the
in-situ tests. The blow counts of heavy DPT tests with a hammer of 63.5 kg is in average 2.5 times those obtained by
super-heavy DPT with a hammer of 120 kg, and the influence of rod diameters can be neglected. The ETR values measure the
energy transmitted into the rod through hammer drops, i.e., hammering efficiency. However, the actua energy transmitted into
soil usually reduces due to the energy consuming of rods and should be measured at the tip. The technique is expected to be
solved in the future.

K ey wor ds: dynamic penetration test; energy measurement; blow count; converting coefficient
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Fig. 1 Distribution map of selected sites with DPT tests conducted

in Chengdu plains
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Fig. 2 In-situ DPT apparatus with adonut hammer of 120 kg
falling to anvil above PDA energy measurement
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Fig. 3 Donut hammers (63.5 and 120 kg), tips and rods (42 and
60 mm in diameter) used in DPT tests
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Fig. 4 Test data of ETR values varying with depth using a hammer
of 120 kg and rods of 60 mm in diameter
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Fig. 5 Test data of ETR values varying with depth using a hammer
of 63.5 kg and rods of 60 mm in diameter
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Fig. 6 Test data of ETR values varying with depth using a hammer
of 63.5 kg and rods of 42 mm in diameter
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Table 1 ETR statistics of DPT tests with a hammer of 120 kg and
rods of 60 mm in diameter (%)
o fetm LR (ETR)
W A —— — ——
YUE  WE+bREE WE-FRUMEE ArdEE
7Pk 9253 97.20 87.86 4.67
Mgk 87.65 92.82 82.48 5.17
KFH 9178 94.86 88.70 3.08
HITA  88.90 92.69 85.11 3.79
AR 9291 96.97 88.85 4.06
# 2 %A 635kg F 0. 60 mm IRAT DPT iR IGSEMGE S
FIBERGITHE
Table 2 ETR statistics of DPT tests with a hammer of 63.5 kg and
rods of 60 mm in diameter (%)
o At LR (ETR)
W A — — ——
YUE  W(E+bREE BE-FRMEE hrdEE
3% % ETR 7K 88.88 96.16 81.60 7.28
Mgk 8443 90.27 78.59 5.84
KFH 9451 100.80 88.22 6.29
HITA  89.32 93.64 85.00 4.32
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Table 3 ETR statistics of DPT tests with a hammer of 63.5 kg and
rods of 42 mm in diameter (%)
W fem L (ETR)
Bl BEHEE BE-UEE b
WP 76.96 81.45 72.47 4.49
HiEk  79.94 84.28 75.60 4.34
KA 92.94 99.30 86.58 6.36
AR 82,52 86.76 78.28 4.24
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Table 4 ETR-calibrated blow-count ratios of different DPT tests

with respect to (Nyz0)®
W DPT ‘o 30 b R4
" (Nes)®7(Niz)®  (Neas) /(N (Negs)™/(Negs)™

LA 2.63 3.03 1.15
gk 2.56 2.78 1.05
RIS 2.44 2.44 1.02
FITAY 2.50 — —
ECEBAY — 2.70 —
“FIME 2.53 2.74 1.07
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Fig. 9 Curves of different DPT test blows varying with depth conducted a Anping Village
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Fig. 10 Curves of different DPT test blows varying with depth conducted at Baihutou Village
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Fig. 11 Soil sampling extracted from a bore hole at Baihutou

Village
MIE 12, 13 F3 50145 T W PP 22 TR R I8
PERAHEA RV HEMIA FIERFT T, ANFIZE2Y DPT Sl
HETHCZ ISR GEvH 2R, H AP i R e A R AR
BOES AU A 2L

[FRE, LL 120 kg 2850V 60 mm SR 75 31 1 4 7
H(Npoo) P R FEUEAY, % 5 51 RIS i H e 287 DPT
S (Npoo) © (I LA o T BRI A [
M DPT RIGAHPEAE A2 1 myg BN, BLZE [ — 3%
JEPUR L Z g A = s, MRS EH,
k) 60 mmARFTFBLN 30 cm, 63.5 kg 7 Ok 1 i o K

(Neas)® 41 120 kg %04 )4 o 4 (Naoo) 1) 2.08 £ ~
291 1%, “F¥h 247 % RH 42 mm BRI, 635
kg % VA (1 i 5 (Nea ) ™ 2 120 kg % /Lo P o
(Nioo)® 17 1.80 £i5~3.29 5, P-4 2.49 fi5; FHIHIIFA
63.5 kg %0k, 42 mm FRFF A2 14T £ 60 mm
L, ZOPRTIIE R A e 144, e A5k
R FEA =2 Bt 25 A0 4, 437302k 0.99 F11 0.98,
TXRFE I 2 S m] R T i 7 DA S S 11 B i o
5 AN ESE DPT BRI LA
Table 5 Blow-count ratios of different DPT with respect to (Nypo)®

R i R 0 2 HU A
" (Neas)*¥(Nizo)®  (Neas)*(Nioo)®  (Neas)*(Neas)®

Y 2.33 3.29 1.44
HEsk 2.60 2.18 0.99
RFFH 291 2.67 0.98
HYTA 2.03 — —

MEA N — 1.80 —
S 2.47 2.49 1.14
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Fig. 12 Histograms of ERT ratios of different types of DPT tests conducted a Anping Village
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Effect of nonlinear seepage on flow and heat transfer process of fractured rocks

YAO Chi*2, SHAO Yu-long"?, YANG Jian-hua"?, HE Chen" 2, HUANG Fan" 2, ZHOU Chuang-bing"2
(1. School of Civil Engineering and Architecture, Nanchang University, Nanchang 330033, China; 2. Key Laboratory of Tailings Reservoir

Engineering Safety of Jiangxi Province, Nanchang University, Nanchang 330033, China)

Abstract: A numerical model for nonlinear flow and heat transfer in a fractured rock mass is proposed. Firgt, the Forchheimer
equation and the Reynolds equation are coupled to obtain the nonlinear seepage control equation, then combined with the heat
transfer control equation, considering the heat exchange between the fracture and the rock matrix, the effect of nonlinear
seepage on the flow and heat transfer process of fractured rock mass is sudied. The effectiveness of the nonlinear seepage
model for fractured rock massis verified by comparing the experimental data of nonlinear seepage in fracture network. Finally,
the nonlinear seepage heat transfer analysis is carried out by two-dimensional single-fracture and three-dimensiona fracture
network models.The result shows that the model can accurately describe the nonlinear seepage characteristics of fractured rock
masses. As the fracture aperture d increases, the nonlinear effects of fluids continue to strengthen, and the deviation between
the nonlinear conditions and the seepage heat transfer results under linear conditionsis greater. The critical hydraulic gradient J.
is determined by the normalized hydraulic conductivity coefficient T/T. It is found that the fracture aperture plays a dominant
role in the critical hydraulic gradient J., and the critical hydraulic gradient J. and the fracture aperture d; satisfy the power
function decreasing relationship. The normalized thermal breakthrough time t/to=1, and the stability period under nonlinear
conditions is longer than the stable period under linear conditions and increases with the increase of the fracture aperture and
the number of fractures.

K ey words: nonlinear seepage; flow and heat transfer; Forchheimer equation; critica hydraulic gradient; fracture aperture
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Calculation of process load of deep-buried asymmetric multi-arch tunnels

GAO Hong-jie, HE Ping, CHEN Zheng
(Tunneling and Underground Engineering Research Center of Ministry of Education, Beijing Jiaotong Univerdty, Beijing 100044, China)

Abstract: Deep-buried asymmetric multi-arch tunnels have complex mechanical features such as geometric asymmetry,
structural asymmetry and left-to-right load asymmetry. There have been no relevant codes and standards for the process of
construction on the pressure evolution of surrounding rocks and load calculation. It is an outstanding problem that the basic
theory lags behind on redlity in project practice. Based on the caculation of process load and the assumption of the
Protodyakonov's theory, the formula for calculating process load of deep-buried asymmetric multi-arch tunnelsis derived with
synthetica considerations of the asymmetry and the construction process of two cavities of atunnel aswell as the influences of
the excavation of the back hole on the increase of the loosening load of the first hole, and the two conditions are compared to
see whether the influences of construction process on the load of each part of asymmetric multi-arch tunnel are taken into
account or not. Finaly, based on specific projects, the derived formulais proved to be valid from practical angle. It may provide
areference for the determination of similar construction schemes and the design and optimization of supporting structuresin the

future.

K ey wor ds: asymmetric multi-arch tunnel; process |oad; cal culation; construction process
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Table 1 Classification of highway tunnels by span
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Table 2 Vaues of impact indices
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Table 3 Calculation of rock pressures of deep-buried asymmetric multi-arch tunnels

WiRES 0y, (hay,; )/kPa 0y, /kPa 0,, /kPa 0,,/kPa q¢$/kPa 0, /kPa q,/kPa
CHik[16] 197 227 35 34 217 59 400
AXTTEL 197 227 35 34 217 59 400
ATTi 2 119(156) 146 96. 106 305 59 400
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Table 4 Parameters of monitoring section of Mazhaiding Tunnel and a highway tunnel in Guangdong
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Fig. 7 Comparison between cal culated and measured values
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Inner frictional resistance of super-large-diameter steel pipe pilesin sand

LIU Run, HAN De-qging, LIANG Chao, HAO Xin-tong
(State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300072, China)

Abstract: In recent years, with the increasing installed capacity of offshore wind power, the super-large-diameter stedl pipe pile
foundation has been widely applied. As the effect of soil plug weakens or disappears with the increase of the pile diameter,
accurately calculating the inner frictional resistance of super-large-diameter steel pipe pilesis especially important. In this study,
the centrifugal model tests on the vertical bearing capacity of super-large-diameter stedl pipe pilesin sand are carried out using
the double-wall pile form to study the inner frictional resistance. Then the action laws of the inner frictional resistance under
different diameter-to-length ratios of steel pipe piles with diameter larger than 4 m are studied using the numerical smulation
method. The cal culated results are compared with API standard, and anew formula for cal culating the inner frictional res stance
is proposed. The research reveds that the inner frictional resistance of the super-large-diameter steel pipe pile shows a
triangular pattern with the pile end greatly decreasing along the pile body. When the diameter-to-length ratio is lessthan 0.2, the
inner frictional resistance of the steel pipe pile cdculated by API standard istoo large.

Key words: offshore wind power; super-large-diameter steel pipe pile; centrifugal model test; vertical bearing capacity; inner
frictional resistance
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Table 1 Parameters of model and prototype piles
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i
D/m KLUm WDL tmm /(10°MN)

JRABEPL 400 500 0.08 84 217.0
JRAIPE P2 800  50.0 0.16 o4 490.0

iRk M1L  0.04 05 0.08 7 21.7
BifbE M2 0.08 0.5 0.16 7 48.8
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Table 3 Arrangement of finite element cal culation

- BR Bk ekl B
D/m L/m D/L t/mm
P4-50-90 4 50 0.08 20
P5-50-90 5 50 0.10 20
P6-50-90 6 50 0.12 20
P7-50-90 7 50 0.14 20
P8-50-90 8 50 0.16 20
P6-25-90 6 25 0.24 20
P6-30-90 6 30 0.20 20
P6-40-90 6 40 0.15 20
P6-35-90 6 35 0.24 20
P6-60-90 6 60 0.10 20
P6-70-90 6 70 0.09 20
P6-50-70 6 50 0.12 70
P6-50-80 6 50 0.12 80
P6-50-100 6 50 0.12 100
P6-50-110 6 50 0.12 110
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Table 4 Comparison between finite element and API results
. el AR IT T APl 51
i 75 DIL AE S PR AMIUEERE b A& AR AMUEERR  swEBRH
QJ/MN Q./MN Qe IIMN  QJ/MN  QJ/MN ) QJ/MN Q.. JI/IMN Q/MN
P4-50-90  0.08 78.11 15.81 53.08 9.22 81.61 37.17 38.92 5.53
P5-50-90  0.10 105.17 24.59 66.97 13.61 10249 46.90 48.65 6.94
P6-50-90  0.12 137.09 36.43 81.11 1955 12336 56.63 58.38 8.36
P7-50-90  0.14 171.73 50.15 95.44 26.14  144.23 66.36 68.11 9.77
P8-50-90  0.16 207.64 64.89 110.68 32.06  165.10 76.08 77.84 11.18
P6-25-90  0.24 72.50 31.34 20.68 20.48 4758 19.60 20.21 7.77
P6-30-90  0.20 81.26 31.00 29.72 20.54 63.20 27.01 27.84 8.36
P6-35-90  0.17 94.00 32.56 40.13 21.31 78.24 34.41 35.48 8.36
P6-40-90  0.15 107.12 33.80 52.06 21.26 93.28 41.82 4311 8.36
P6-60-90  0.10 172.82 38.94 116.53 17.34  153.44 71.44 73.65 8.36
P6-70-90  0.09 211.24 37.58 157.90 1576 18352 86.25 88.91 8.36
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Accumulative displacement of long-term cyclic later ally loaded
monopiles with large diameter sand
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Abstract: The accumulative displacement of offshore wind power under long-term cyclic lateral loads from wind and wave
loads attracts a lot of attention, for it may lead to the mafunction of a wind turbine. Considering the cyclic loading
characteristics of sandy soil around piles, the lateral cyclic response of monopile for offshore wind power is investigated. The
R-O loading curve and modified Masing rule are used to construct loading and unloading stress-strain curves of sand. Based on
the explicit equation for cyclic accumulative axid strain of sand, acyclic evolution model for secant stiffness of sand is derived,
and it is applied in the FE analysis. By comparing with the published centrifuge test results of a laterally loaded monopile in
sand, the rationality of the evolution model is verified. A parametric analysis considering different embedment lengths of the
pile is aso undertaken. It is believed that the FE analysis with the evolution modd for secant tiffness of sand can rationally
simulate the development of the accumulative rotation of a horizontal cyclic loaded monopile, which provides theoretical
support for the design of the cyclic response of wind turbines.

K ey wor ds: monopile; long-term cyclic lateral load; stiffness evolution mode; finite element method
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Viscoelastic-plastic damage creep model for rock

ZHANG Liang-liang, WANG Xiao-jian
(School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huai nan 232001, China)

Abstract: Based on the classical dement model, the nonlinear eement and the creegp damage are introduced to solve the
problem that the classical ement model cannot describe the non-linear characteristics of rock during the whole compressive
creep process. Firgly, the inaccuracies of these methodsin the identification of model parameters, the establishment of equation
for damage creep and the selection of yield conditions are anadyzed. After that, an dagtic body, a non-linear Kelvin body, a
viscous body and a damage viscoplastic body are constructed based on the non-linear rheological theory and damage theory,
and the four bodies are connected in series to establish a damage creep model which can smultaneously describe the
ingtantaneous elastic strain, the non-linear viscoelagtic strain, the viscous strain and the non-linear viscoplagtic strain of rock.
The one-dimensional and three-dimensional differential damage constitutive equations for rock under constant stress are
derived, and the equation for damage creep is obtained according to the superposition principle. Considering the characteristics
of creep curve, asimple and feasible identification method for model parametersis given. Finaly, the applicability of the model
is verified by comparing the creep test curve of sandstone under uniaxial and triaxial compressions with the theoretical curve
and prediction curve. The results show that the proposed mode fits well the test data. The viscoel astic-plastic damage creep
model can accurately reflect the non-linear characteristics of creep curves in atenuation and steady stages and describe the
accelerated creep characteristics of rocks in high stress state.

K ey words: rock mechanics; accelerated creep; damage; viscopl asticity; constitutive equation
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Table 2 Parameters of uniaxial compression creep model

R Ak FIMPa EJ/GPa E,/GPa h,/(GPah) | h,/(GPah) h, /(MPah) t /h n
8.15 4.312 51.258 26.519 0.767 — — — —
16.31 4.556 64.722 15318 0.773 — — — —
24.46 4.941 84.637 85.397 0.530 — — — —
32.61 5.277 93.707 119.044 0.440 2885.841 — — —
40.76 5.500 100.891 15.102 1.030 427.792 — — —
48.92 5.406 0.098 1.443 0.958 0.041 31.561 20436 06
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Table 3 Parameters of compression creep model @& s, of 5 MPa

R fjKFIMPa  KJ/GPa  GyJGPa  GJGPa  h,/(GPah) | h,/(GPah)  h,/(MPah) t/h n
10.63 43.960 19.318 0.608 — — - -
21.27 64.105 48.972 0.476 — — - -
31.90 68.162 83.841 0.482 — — — -

10.333 4.769
42,53 82.904 50.306 0.620 1172504 — — -
53.17 94.273 75.936 0.732 784.218 — - -
63.80 2.174 21.822 0.766 0.165 0.102 2652 05

Ak R UEA S T g AR R AT, AR
il 4 5 MPaff iR 240, X & h 10 MPa i (1 #b
R MG AT .t TR A R —HE b, HAR
&b, U IR S R S e R,
N 3 7KAP RE AR I (7] 5 [ sk 5 MPa S AN[E], 15 2111
TR i 2 5 R h 28 56 L gt B LI 6.

or

o0
T

e BB 78.52 MPa

— WdE

65.43 MPa

e i 35/1073

10 25 50 75 100 125 150 175 200 225 250
AR I /b

6 FElE 10 MPa BT g4k 5i% 18 th £k Ao LU

Fig. 6 Comparison between creep test and predicted curvesat s,
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Ground loading of shallow tunnels under seismic scenario

LU Qin-wu, DENG Tao, GUAN Zhen-chang
(College of Civil Engineering, Fuzhou University, Fuzhou 350116, China)

Abstract: Based on the calculation diagram specified by the current codes, the horizontd slice principle and the horizontal
seismic coefficient are introduced to establish a general method for calculating the ground loading of shallow tunnels under
seismic scenario. Compared with thetraditional methods, it can unify the static and seismic scenarios into one single calculation
diagram, separate two strength parameters apart as independent factors, and consider the multiple-layered ground condition.
The case study of simple ground shows that the separation of cohesion and friction angle can describe the ground loading in a
more accurate way. The case study of multi-layered ground shows that the ground condition within the range of tunnel itself
plays a key role for the distribution of ground loading. Moreover, the influences of two strength parameters and horizonta
seismic coefficient on the rupture angle and vertica ground loading are further analyzed through a series of case studies. The
proposed method provides areliable theoretical basis and technical reference for the anti-seismic andysis of shallow tunnels.

K ey word: shallow tunnel; horizontal seismic coefficient; slice method; rupture angle; ground loading
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Fig. 1 Calculation diagram for ground loading of shallow tunnel
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Table 2 Calculated results compared with code’s method
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Passive earth pressure analysis of berm-retained excavation by upper bound method
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Abstract: The passive earth pressure should be known for the design of the berm-retained excavation, but no reasonable

method for calculating the passive earth pressure has been found until now. According to the characteristics of the
berm-retained excavation, the upper bound method based on the limit analysis theory is used to analyze the passive earth
pressure provided by the passive soil area. To use the upper bound method, the vertical dice blocks are used to separate the
passive soil area of the berm-retained excavation, and a compatible speed field is constructed. The optimization analysis
technology is used to obtain the minimum upper bound solution. In order to test the rationality of the proposed upper bound
solution, the passive earth pressures with different wall heights, geological parameters and other conditions are calculated by

the proposed upper bound method, and the values and failure envelops are compared with the classical Rankine’s solutions. By
employing the proposed upper bound method, the value of the passive earth pressure, the distribution of the passive earth

0 3l

Key words: limit anaysis; upper bound method; berm-retained excavation; passive earth pressure
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pressure aong the retaining wall, the failure envelops of passive soil area are studied under different parameters such as the
berm top width, berm bottom width, berm height and berm slope coefficient. The influences of these parameters on the passive
optimization design of the berm-retained excavation in the future.

earth pressure and the falure envelops are discussed. The proposed method may lay the foundation for the design and
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Table 1 Calculation and comparison
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/m /kPa 1(°) /KN /KN
5 10 20 652.72 652.72
5 15 20 724.12 724.12
5 10 26 800.30 800.30
5 15 26 880.32 880.32
10 14 18 2279.81 2279.82
10 22 18 2500.04 2500.06
10 14 15 2063.30 2063.31
10 20 15 2219.69 2219.70
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Constitutive modeling of creep behaviors of coar se-grained materials
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Abstract: The creep empirical model, which is characterized as an exponentia function, is proposed for coarse-grained
materials (CGMs) based on analyses of their creep evolution, and the fina creeps are described by the state-dependent
formulations. Within a constitutive framework of coupled breakage and friction dissipation (CBFD), an elasto-visco-plasticity
model is devel oped for CGMs by incorporating the above-mentioned creep formul ations into the hardening rules of post CBFD
elasto-plasticity model. The reasonability and reliability of this model are preliminarily verified using the test data of a series of
triaxial creep tests on CGMs. The numerical simulation about a high embankment (HE) filled with CGMs shows that: (1) The
temporal and spatial evolution of stresses predicted by this mode in the HE agrees with the measured trend of stress change in
the HE projects; (2) Within 3 years of pos construction, the model predictions of settlement in the HE are in good agreement
with the in-situ measured results. (3) The creep effect of CGMs is remarkable, and it is a significant factor which results in the
long-term post construction settlement of HE filled with CGMs.

K ey words: coarse-grained materids; creep behavior; e asto-visco-plasticity; constitutive modd; triaxid creep test

0 3l =

VT AE R, v [ A8 T8 JEAth 162 il sl A2 AN T 1) 1.1y X B
AEVRX Sk, AR T R L R A B, i
PR TT R AT AHRDR SR RRIR 78 2 o A T MO IOM . 46
LIRS A 8w, R AR ROEL (CGMs) HHA
L XA S LR e i 3, it o X r B O TR AR T

Wlle HAT, SAA1H T =B A2 St o bR (2
FERPER . BERRA S AR A REATRN AR ARG AR T
A, R AR S MR AR 2 A . [ A
FHOTF R TRIBENA () 28R, FFehth 7830
G SRR FAG, P 2B A 15 X 2515,

TR IR HRT A, Gy 4, Ay s gy T
% BN R FSE M HURORNARL O B8 7E k2
WAL AR, g 2R AR R DAy [ S AN g 7K b
HE X R AR R, TANIE TR AL
By BORIG SRS R IR AT N 138 -
AFTTEAKDEERRR () AR AR RS T AL FR
TOPFAL A RSO A M R 2B i L
WAL S5 g Bk, HBERIA L (i) ARBLR, 11
BRI ARG SRR RS AR A, T AN RERCLS M
IRWEFRAEA T, ANKIE A TARRDRRR (i) AR A Hil

EE&WMB: EFRAKRRIFILEN FLIH (51378472, 51778584)
Yk BH#A: 2019 - 04 - 13


mailto:mcliu2002@163.com

% 6 4]

HBAIG A, RDRDRHG AT I AR BT ST 1109

B JaFE LSRPIERR R, MG () Ll
FIAEI, AT LA 4 A B B A KRR 0 344 A
(B BBV 22AT 0, LA A RO S B A2
HAE T TR H

AT, BE E S LI AR TR B 4
THRAS . AR TR i A A (AR HHK, R b
TR AR e 10 RN ARk B ) AR R 580 R S A
FIRERY, IR HCA B =R AR K 45 R T LT
ks delas R AR SRR AR R
B0 LD X R BT B AR S T REREA T HUE ., 0 Hr
TR 208 T )5 15 aiX AN F A iR AR )
UURRANG AL AR . BIETOSCR AT RN T A kDR
TR TR KA R I 2 2%

NG 2RIE, SCT T NI 8 A RN T .

1 EETHERMHIA

IR AR R AR LA B E R R R AR S I
ARG . B LA S REZ A, LGRS
I3 N AR A INAR ) S0 S AR R A G A
ZYMBLBUT, ARSI AT 8N 1 RG22 5 Bk I A
TE HAHRG W AN R A S R X T gmdk, L)
EEAREN O S AT 2 g0mA, LA R A b .
1.1 TR

FUHT, 30 5 SR P = i A8 (S 5 L s AR e
CAIRI PR O] A RRTITRIE4 1h A,
MBLRAEBRINALTE, 2 A A P, X5
FEOG 5 PRIV Tt 2 ik I AR TR I TH) to -5 52 Bl A2 1 (1]
te Z Mo A FHUARIR, g OCENNR) t 4

t=tft, = (t¢ t,)ft, (1)

A, te=1h.

B TIRBRECR SR TIE, EH LR R H0
TR IR R ()05 A R A «

e’ =afl- exp(-bt)] . 2)
MR AR T I TR AR A ORI R
é° =abexp(-bt) €

[, e, @l hif AR SifmA, a, b WAk
S

MR W4 55 A R AR AR 5 i ) 3 X, nl fl X
(2), (3 FAFUW FHEL:

(1) WEAZ PR 2K

4t® 0, e°® e’ =0;

Mt® ¥, e°® a=e,
X, e, ef RV S B R AR N AR

(2) IFEAH AR

4t®0, ¢°® é° =ab=be”;

Ht® ¥, ¢°® é° ® 0,

Af, &%, &% A WIIES I AF AR R,
o (2), (3) "%
e’ *®dé% o

:l' EX = t— 1) 4
ecf pg ecf g ( )
é° ® 8" 0
— =eXpc- t- o 5
@° pg ecf g ( )

AT, 8%, e IR b I AR R R AE S AL
1.2 mEET

XL 0 = AR, AT 1 M R
TNARREAY (BB IR, AR R AR R A,
(BB G FRRAS, CANEREE SRR BT
BN, ARG el FnifAL el B s , 5 M
TR S (S=(s,-S,)/(S,-S,), ) b n.
1, s - s, BN T, (S, - S,) AEEE MY ).

SR, )T AR A+, B AR AL B BN g 7K
SR B, T AERES (T HRESH
p=e-ePHk, e, e 23k H I 4T S I SRR S FLER
HEO AR, RS AR AT (S 4=S 20 yatyras 65262

PRI SRS T He, EIRFDIRE T Lk
RN AZ e, {fFFHE (e, =const H. de, =0), 1fij fi 25 e,
M e kR (ey »oH dey —o0). K, ATELAN:
EFURE R, ABUGE e 0(eS=0) , M) (i)
A eg#a T I097 (eg—o0).

BeAh, ERAS BT R R, ANFEN KR
(1) J 20T 70 N T SR A P U g 280 A8 o B0 5 ]
F)o HHILHER: LR LIRS IR ) AKCERDIR
BSHMR; T, SZARRURE AR N K
SERDIRAS BB AR R S S, il A
ARASIALE A 0,

AT B 2805 A e e B HASIE I & 15280
JIEAR, g A SRIBTY) S AT U)5), RAA
AP ENT) pl p AR s,/ P,y BEJIKER IMs AR
S, AR e [l R IE A
«®p N y_g , (6)

P. M IYolg
X, h RN HIE(h =alp), p AN, g i
Ny, MU I, p i KSR

WA AT e A 45 A mT A, AR AR 24
el T A7 [l F sl T N ) S AR, T i AR A
e WA ZE5Z N J KTk o Bk, A —2
BT I 2R AR W R IE R

e&p C')kv

cf _
e, —e\,og—+
ePag

e’ =e

1/4

y

Yo

’ ()

LKy . Kg -1/4

¢ __ @p0beaeh o
€4 —edog—+ QW+
eP.g eVl g

y

8
Ve (8)




1110 a5 oE L OB ¥ M

2020 4F

Kt wo WIRESEHNE, ke ke AFPERREL

2 SEFREBMEARMIEE
FIRARORMAE R (I DR, AV 52 2 1
AREYE . CHEE S RIRHLEE, R R B R A b

oy R HPE e ¥R e AR e° 3 AN G 7
e=e’+ef+e° . 9
8 AL N AR e S YR i AR 2 R
e"=e’+e° . (10)

AR I AR S R R N AR, B kT CSSM
(critical sate soil mechanics) IIfi #UIR 25 -+ 7 % 5 CBFD
(coupling breakage and fiction dissi pation) 3 ¥ £ A f4

PR HE 4l o B R AR B A U i, AR
U R AN R R4 SO P () T B e B W
KM ARAT A ISR G BB AR R
2.1 T

TEAZAE R, HURERE 3 R AR AR AT
Hookes& . 7EFITEAERET, BIPIREGY (AR EK
K HIRichart24 (1 22 1k Atk -

_ 2
G= GO pam _p . (lla)
l+e P,
K =g.2d+n) (11b)
3(1-2n)

K, Goy—#RFEEL n ikatt CRE0.30).
2.2 dEsEs
1E.CBFDR R HE P chr 3k $4ik K gy

.2-2/a 2

g=oP?2 o, a- 12 (a/ pa)zla (12)

&P g (bM.)* (p/ p.)

Ty AR Jeet A R 2 (R fAQ) 4
2-2/a

_&po a-1 (q/p)° _

f=gP? - 2 _ =1 exp(kH) .
o Ty (prpy SRk

(13)

AL e R R DA e B
(D b A—IREEE(b =exp(mw)), HilEH
IR ALBE o= (o mint(Eomax-€cmin) €XP(-M(p/ P, )"«
(2) M A FAR AR L (Me =nAp! )™ .
(DHHN —F A S H(H= (1-n/Mp) [ (AW
), b, dWPAIEMEThE R, Mo — TR
TRFER BRI T (Mp=b Mo H b ¢y 5 —IRE& M
$(be=exp(m,(-y ), 75 ( )& SLHBEFRHI: 2x
=0 (X) =x, TfiTx<OI (X) =0,
11 EIRFRIE T, SO S BN B4 Ak
TREAL I DR AR5 2 AN IR A AL B L A5 Y DR G

ERIA B (mofla s mp, | ATk s nATA; egmins
€cmac MATKD.

AR RLRCE A REE - (inelastic behaviors)
R e SCIBE DG 5k

dWP =sde" = pde; +qde;’ , (14)
X, del =del +de’ [ de =def +de; .

R, BRARMEAL S50 H RN g B AR R A
K%, EH=H(s,e")=H(s ,e"e), Hd, sk
INWALIS i

de? i dep 43 i) ok VB 1 AA AR IR AR 5 S P g 1. A Y
B, 0 iR sk N AR S

1
deP=L-> 15
=L (158)
1
def =L = 15b
“ =Ly (150)

Hr, L oy¥tkge v, M del Al de 73 il oA ARG
7% 55 s AR 1
e,

de§=Ttth=beV°' exp(-btydt , (16a)

ﬂ;td dt = be? exp(- bt

def = (16b)

¥ ik B2 A TR (13), B AT 3RS ek ok
PG A0 2 I P o6 Y8 P A A R o A S5 A S B e R
TR AL B 2 0, Zhang 254 3.

X (1) ~ (13), (15) 1 (16) ik T H
RORL AR AR T FE

3 = TR IR I0E

N TIUE FIR SRR A AL, E X — L X
5 VR BT ISR J T ASIR] R AN R . 3 KP4 4
MR =R ARG I . IR KA I A
TR AHHDRDE, BRSSP 99 M A b s %
JURW R i an € 1 R, SLRBCRFE S 5B
tho 4 1.94 mm, daok 9.97 mm, dso 2l 21.36 mm, dgo
4 28.02mm, Cyh 14.44, C.k 1.83. HAthIL A #
FIEEMER: LRAHRT S G 2.72, A5 D,
9 96%, HIFET 44 2.10 glom®, HIFEFLBRLL e Ky
0.295, BEAPUEHEAE (MIA1) 4 86.9 MPa, L4t
Ew s 4 935MPa, [E4if5% C. o 1.13X 100, P4y
FEH Gl 1.48X10°, 153 2 %0h 0.227 cls,

RG24 B = KA = i AR A, KRR 3
MPa. [& T R o AR x5 BE=300 mmX 600
mm. K KI5 i 80 m,  iff e il sk B s 4y 300,
600, 900, 1200 kPa, %2 [l FRA MM JAKF S
0.2, 04, 06F10.8.






% 6 4]

HBAIG A, RDRDRHG AT I AR BT ST 1111

F 1 AR R MIER S5
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Effect of microwave-induced fracturing of Chifeng basalt by a multi-mode cavity

LU Gao-ming, FENG Xia-ting, L1 Yuan-hui, LI Shi-ping, SU Xiang-xin
(Key Laboratory of Ministry of Education on Safe Mining of Deep Metal Mines, Northeastern University, Shenyang 110819, China)

Abstract: The microwave-induced fracturing of rock as a promising microwave-assisted mechanical rock breakage technology
and can release the stress on a rock mass in deep underground projects. It is of significance to the construction efficiency and
safety of underground projects. In a relatively short period of time (tens of seconds or minutes), microwave irradiation can
cause rocks to be fractured or even melted. Two cylindrical basat samples are irradiated by microwave at different powers
using a frequency 2.45 GHz multi-mode resonator. The temperature distribution on the surface of the samples at different time
is measured by an infrared therma imager to obtain their heating characteristics during microwave irradiation. The
microwave-induced fracturing effect of rock samples is evaluated by rock strength and wave velocity, the mechanism of
microwave fracturing rock is expounded by dielectric properties and microscopic characterigtics, and the influence of
microwave irradiation on the Protodyakonov coefficient and rock crushing work ratio of rock is studied. The results show that
the surface temperature of the samples is distributed in a regional non-uniform way, and the temperature at a certain point on
the sample increases linearly with the irradiation time. The rock strength and wave velocity decrease linearly with the
microwave irradiation time. Pyroxene (a minera with strong microwave absorption) produces a large amount of heat after
absorbing microwave, and odlivine (a minera with strong thermal expansion) produces a strong thermal expansion under the
action of high temperature, resulting in greast microwave fracturing effect of Chifeng basalt. After microwave irradiation, the
Protodyakonov coefficient and rock crushing work ratio decrease to a certain extent. The higher the microwave power and the longer
theirradiation time, the greater the degree of reduction of the Protodyakonov coefficient and the crushing work ratio of the rock.

Key words. microwave-induced fracturing; temperature distribution; strength reduction; dielectric property; Protodyakonov
coefficient; rock crushing work ratio
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Fig. 3 Effects of microwave-induced fracturing of two types of cylindrical basalt samples
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Experimental study on buried pipelineinstrumented with fiber optic
sensor s under ground collapse

WANG De-yang', ZHU Hong-hu" 2, WU Hai-ying", ZHU Bao", SHI Bin'
(1. School of Earth Sciences and Engineering, Nanjing University, Nanjing 210023, China; 2. Nanjing University High-Tech Ingtitute at

Suzhou, Suzhou 215123, China)

Abstract: In recent years, the pipeline accidents caused by ground collapse are frequently reported. However, the relevant
studies are ill lagging behind, and there are few theories to predict the deformation and mechanical characteritics of buried
pipelines and surrounding soils in the process of ground settlement and collapse. In this study, the stress state of the pipeline
and soil settlements during ground collapse are investigated through fiber Bragg grating (FBG)-based model tests, and the
method for calculating the bending moment of the pipeline using fiber-optic strain measurements is derived. The test results
show that: (1) The compressive strains accumulate on the pipeline top and bottom with the increase of collapse volume, and
both the pipeline sidewalls are in the strain state of tenson. (2) According to the FBG strain monitoring results, the
development of soil deformation can be divided into three stages, i.e, the stress redistribution stage, the creep compression
stage and the gtability stage after collapse. (3) The ground settlement pattern fits well with the modified Gaussian distribution.
On this bass, the mathematical model between the horizontd strain measured by the fiber optic sensors and the ground
settlement is established. At the same time, the results of theoretical calculation and experimenta data are compared, and they
appear to agree well with each other. This work provides a new approach to effectively evaluate the safety and implement
hazard warning of buried pipelines.

Key words: fiber Bragg grating; buried pipeline; fiber optic sensing; stratum collapse; ground settlement
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Centrifuge modeling of excavation effects on a near by tunnel in soft clay
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Abstract: The centrifuge modeling with asimilarity ratio of 1 : 120 is carried out to investigate the impacts of an excavation on
anearby tunnel in soft clayey strata. The responses of undrained shear strength, pore water pressures, horizontal earth pressures
around the tunnel, ground settlements, tunnel settlements and bending moments are obtained. The test results show that: (1) The
exposure of the excavation base leads to the continuous evolution of the excess pore water pressures of soils below the
excavation base and around the tunnel, together with both the magnitude and distribution changes of horizonta earth pressures
around the tunndl. (2) Using the effective vertical stress reduction ratio-based equation for soil disturbance degree (SDD), SDD
of soils with vertical distances of 0.3 and 0.7 times the excavation depth below the excavation base are 0.33 and 0.21,
respectively. (3) Due to the existing tunnel, the ground surface settlements behind the diaphragm wall mainly locate a Zone Il
predicted by Peck (1969). (4) After excavation, the ground surface settlements, tunnel settlements and bending moments
develop continuoudy. The tunnel settlement at 815 days after excavation is 1.6 times that during excavation stage. The
consolidation and creep may be the main reasons for the continuous development of tunnel deformations and internal forces
after excavation, implying that the exposure time of the excavation base should be minimized in real projects.

Key words: centrifuge modeling; excavation; tunnel; soft clay; settlement
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Vibration attenuation and application of composition materials of
periodic structures

MIAO Lin-chang, LI Chao, LEI Li-jian, LIANG Xiao-dong
(Ingtitute of Geotechnical Engineering, Southeast University, Nanjing 211189, China)

Abstract: In order to isolate vibration, the conventional attenuation method is to decease the stiffness and to increase the damp
in the civil engineering structures. But those materials are amost rubber products. However, the rubber products will be easy to
degenerate and not be conveniently exchanged because their service life islimited, and the durability of isolation of the rubber
products will be obviously affected. The propagation characteristics of elastic wave in composite materials are introduced. Their
band gap periodic structures are validated by laboratory tests. The model of metro bed of the composite materials of periodic
structures is derived by the theoretical method. The laboratory and calculated results demonstrate that the new type high
polymer concrete metro bed materia has obviously attenuation features for the real metro vibration signal as inputting signal.
This study will provide the theoretical foundation and new technology path for long-term vibration attenuation of engineering

structures.

K ey words: vibration attenuation; periodic structure; metro bed; high polymer concrete
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Experimental study on expansion defor mation of non-ther mal-bonding
composite geomembrane under ring restraint

XUE Xia', LI Wang-lin", LI Chen', WEI Ru-chun?, Y U Hai-rui’

(1. University of Jinan, Jinan 250022, China; 2. Shandong University, Qingdao 266200, China)
Abstract: The non-thermal-bonding composite geomembrane separately laid by geomembrane and geotextile is adopted in the
horizontal anti-seepage control schemes of Datun Reservoir on the Eastern Route of the South-to-North Water Diversion
Project. The reason is that the heat-melt craft is easy to burn the composite geomembrane in the process of production and
welding construction, and then to cause hidden troubles. The mechanical model for the air expansion deformation of the
non-thermal-bonding composite geomembrane is simplified to the spherical bulging deformation under the ring restraint, and
the experiment is accomplished. The conclusions are drawn as follows: (1) The bursting pressure of the non-thermal-bonding
composite geomembrane (the thickness of geomembrane is 0.4 mm, the mass per unit area of geotextile is 250 g/m?) increases
slowly with the increase of loading rate. The basic loading rate, i.e., liquid injection rate, is recommended to be 100 mL/min. (2)
The unit tensile force and strain curve can be divided into four stages: linear, yield, strengthening and bursting. Its overall shape
is amilar to that of geotextile. The curve shape is similar to that of the geomembrane, which has greater influence during the
very short linear and yield stages. In the strengthening stage, the curve shape is more like that of the geotextile and is mainly
determined by the geotextile. (3) The expansion and bursting pressure is determined by both the geomembrane and the
geotextile. In the initid stage of the deformation, the geomembrane bears more internal pressure. Then the geotextile gradually
bears more and more interna pressure and plays a decisive role until failure. The burgting pressure is 1.51 MPa, and the
bursting height is 31.5 mm. (4) The elongation at break of expansion is 25.3%, which is mainly determined by the geotextile.
There are two types of failure patterns: incomplete failure and complete failure, caused respectively by the non-uniform
deformation and uniform deformation of the geotextile.
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geomembrane; ring restraint; expansion deformation; failure Yrks HHEA: 2019 - 08 - 27
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Key words: plain reservoir; non-thermal-bonding composite


mailto:xxhoper@163.com
mailto:cswlw@163.com

1146 a5 oE L OB ¥ M

2020 4F:

1 # &

L LA IS AR L R & PR,
Ui viZs L T AN, 20 TR B s %2
PR A, A A b T S T AR E
SR T, PO AT LA R TR
WK, B R TR B R, s T
SORA I et B TR, P,
BB, Sk, ERHE S LT S E RS
LERAING ST TFUG T T BT Bl 7 S B L A el
BRI B A O, DURAIE - TR e sk,
F K AL AZR 2k L AR BER K (BRI JSUK )
WHIE FERRAH L TR ACERE) RH T4 5
g4 LT,

A T o S St it R 5 )
K, SCRRE I F AR ETE BEARRI G AG FU
F b TS IR H T ET i TR,
TR LR R A UIKBIOR, SEEAK TS Rk
M. BTSN, e Es
TR AR FEAEABL {1 by B ) 24 AR T B AR T oK
PRI A5, F ORI Z0T T BT D

FE5 b TRAUIKAS T ) 22 5 PE A 2 (K BF 5T
Merry S Sy S AN R LA PR 06 vt 45 047 22 Sl
8= o 31 7 N = s 597 e )
T AR 0L TR T L AR B 4%,
5T IR LIRS b AR T A A
PEARUA . Xu 2P0 R I U] T BRI AR A E T L
TRRURAR TR 5 R0 45 FLAR /N I R b
18, LA - L 05 P o R 500 3 e S B 5 6
BEAh, Andrejack ZEMAHEAT T AR K 2 Al AR,
S0 AR £ 2 Bl Ak g 8 A 2y sRHEAT T HESE

9T RSB TR B R A T UK AR
TGRS, BEIUER AR A T SKASTE (1 1 2 s
B ASSCHFRI T r s SK A AR I W4, BEAT TR
R4 F B R RS T TGRS, ML T
S () 7 SR HE RO, T SR 2R A T IX 2k
R JECH TR AT B 95 1R R T A0 43 B X T Mg 7
HA RS E X.

2 IR
2.1 HIiRE

X o B ST G - TR SRR PE, WIEA) T g
JESMRAZTEARIAN, T EE AR R G I R G
RS 3H AR, TEILK 1

B ARG N ARSI R AL

A AR5 100, 200 mm PRES B RVEE
A, M TREGEBRE, RN AL, IS EREF
B FE R B A s, RS (St

1 RERERR
Fig. 1 Photo of test equipment
IME RS LA AL BuEbL. 24T, TEZELLK&
Fs DS . HomB R B A H LAy 8% 28, K s
JIGLA R s DA Tl R S s NI (R 8
i, AR BRI . SR = AR D L AR
AR S e AR SR 1 ZE IR Bl A NSO A o AR
TIZRGERF SN, ORUETRIG L A5 e AU W s )
D2 R G0 RS B A s 0GR R A% I
ARG R R ARG, BE H SRR SRR UK
BIRHE TR AN T ).
2.2 IR
TR0 Ik 2R O 1 TR R 2T I e g A (LA
IRRR A DA s TR e A 5 A T
BAE AT, O AR AR 1.
F 1 RO E R R
Table 1 Routine test indexes of composite geomembrane
i AR MR LTS
J G fiife

i
R Imm  /(g-em’®)

gm?) IkN'-m?Y /%
RS o
b 0.4 0.926 8.1 615.0
FLETEL )
PR 250 8.2 62.7

2.3 RWAE

H A O B A BRI AR R S A Rk
RN BB 5 (ASTM D5617—04) 1) %
FrRyfE BRI B % I R 52 /N 450 mm, {H
Merry 2R T 4 FOA R S L 4% (102, 203, 356,
508 mm) RS B A HEAT T b T AR T,
RN I NAS IR, H AT it R HAL S R
Z ok 60 LU by, HOGHR Mk Ror fnre itk R A—3
LRGN . B, AR ST bs 18 R 1
H I EA N 100 mm, Je B B AR E S LAE A 250, i
JEELR,

HRFUNBEEZN 7 3 XN A - TSR AR TR 1)



% 6 4] EaR D

S o B b DA I R SR ARTE AR ST 1147

Sy, RGN EOE R N He R G IR R R N T %
FoR, %S 80, 90, 100, 110, 120, 130 mL/min
&6 PR N

WIGRE R T, LTy ERES LT
JE, ARG AR AR BT B AR 140 mm [KIEATE .
T TARBEEE M, K. SR A BT LLE
b, FFRAAET B LS, BEFM L TAY
GBI CRAE T, 0K AR T 1) ) 24 P R SE A AT 52,
DR AE B 420 B A B b TR RE I, ANk AT 7 L
JRAE R IR AT W [ EE, fEREAT B — b T AT IR EG I
B EMAR 2 FECE DT RS, IR AL
L TATFHEINRE GEE A TR Tk, it
TRAEIRG 1 2 B2 R I E i, T b T A I 2
BBIEHATIE I, AR TAT R 25 51

RG5O BRI b Rk 22 B 2 1) e X [ 5
Jois JEIEAETE RE B R, FRENE RS S
WA 35, JE s LS Nz, 156 B e e i
PP Ak, HEWRFERIR, WRg K.

] — AR TR P AT IR AN D T 6 1Ko

3 MBEARE S
3.1 MNEGRI XA S F I RRIFN

LT AT TR 23 8 U A B s
HindiEEr kR (& 2) halbE L, LA
AR sy B 28T 4 (Y 084 T o, i b TR 0
AE G L TRELL R T - A 2 RN B 0 s 4 11
BERTHE R, FErP R L TR WIS, R
TR G2 Sish, rEXEG L TR 75K
T A TR, 208 =F 2 145 ~1.05 1%,
3% 5 Andrejack 255 H 45 AL

20w TR

—— T
—— SELEALTE

1.6+ —— +THE, L THZH . ::

=
o

——

P’r/*/*/l/ﬂ

0 | | | | | |
70 80 90 100 110 120 130

IR A/ (L - min-1)
B 2 BRRRIE S SnEuRE R R4k
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Fig. 3 Relation between tensile stress and bending strain
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Experimental research on dynamic tensile mechanics of limestone after
chemical corrosion

ZHANG Zhan-qun’, YU Li-yuan® 2 LI Guang-lei*® SU Hai-jian', JING Hong-wen"
(1. State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou
221116, China; 2. State Key Laboratory of Explosive Shock Prevention and Disaster Reduction, Military Engineering University, Nanjing

210007, China; 3. Zhenan Science and Technology Co., Ltd., Kunming 650200, China)

Abstract: To investigate the dynamic tensile mechanica properties of limestone corroded in the chemical environment, the
mixed solution of NaCl and KHSO, with pH=3 was prepared to corrode limestone samples for different corrosion time, i.e. 30
days, 60 days, 90 days, 120 days and 150 days, respectively. The T, spectra and porosity of the corroded limestone samples
were obtained by nuclear magnetic resonance (NMR) test, and the dynamic tensile test was carried out on corroded limestone
samples by using the separated Hopkins compression bar (SHPB). Finadly, the variaion law of dynamic tensile strength and
energy disspation with corrosion damage degree of limestone was obtained. In addition, microscopic images and minera
contents of samples at different corrosion stages were analyzed by scanning e ectron microscopy (SEM) and X-ray fluorescence
spectrometry (XRF). The result shows that, after being corroded for 150d, the porosity of limestone rises from 0.32% to 5.32%
and the corrosion damage degree increases. The deterioration of dynamic tensile strength can be divided into two stages by the
slope, with the total decrease extent of 32.52%. Dissipative energy and transmission energy exhibit two-stage decreasing trend
and digtinct correlation to damage degree. The failure mode evolution of limestone after chemica corrosion changes from the
typical splitting failure to the tensile-shear, shear failure and ultimate powders failure. There is a digtinct relationship between
the macro-mechanical properties and the micro-structure damage of specimens. The research results can provide references for
the design and construction of underground engineering.

K ey words: rock mechanics; chemical corrosion; limestone; dynamic tens on; damage degree
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Table 1 Grouping and numbering of limestone samples
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90 M3-1 M3-2 M3-3 M34 M35
120 M4-1 M4-2 M4-3  M4-4 M45
150 M5-1 M5-2 M5-3 M54 M55

B 1 AR g
Fig. 1 Corrosion process of limestone samples
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Fig. 11 Limestone failure patterns at different corrosion time
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DEM analysis of evolution law of bond degradation for structured soils
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Abstract: The evolution of bond degradation is essential for analyzing the macro-and micro-scopic behaviors and establishing
constitutive models for structured soils with cementation bond which is a kind of bonded granular material. The discrete
element method is employed to analyze the evolution of bond degradation on account of the disadvantage of laboratory testsin
bond breakage quantitative anaysis. First, the discrete numerical sample is generated by ingtaling areatively completed bond
contact model incorporating the interparticle rolling and twisting resistances and the influences of bond size on the contact
stiffness and strength. The DEM simulation reproduces the key mechanical behaviors of one-dimensional compression,
isotropic and anisotropic compressions, conventional triaxial and true triaxial tests on the DEM sample. The results show that
the evolution of the degradation variable By is stress-path-dependent, while a new degradation variable B, is roughly
stress-path-independent. An exponentia function is recommended for B, to describe the degradation of soil structure.
Key words: structured soil; bonded granular materia (ideal structured soil); discrete element method; evolution of bond
breakage; constitutive model
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Experimental study on seismic subsidence char acteristics of structural
loess under cyclic torsional shear

SHAO Shuai', SHAO Sheng-jun®?, CHEN Pan', ZHANG Bo'
(1. Ingtitute of Geotechnical Engineering, Xi'an University of Technology, Xi'an 710048, China; 2. Shaanxi Provincial Key Laboratory of

Loess Mechanics and Engineering, Xi'an 710048, China)

Abstract: The undisturbed loess has significant structural and dynamic vulnerability. Under the earthquake, the dynamic
shearing action destroys the original structure of loess. The pore volume of loess is reduced and the soil particles are rearranged
and compacted, and the macroscopi ¢ representation is the occurrence of 1oess response, which is cdled seismic deformation of
loess. In this study, the dynamic torsional shear tests on Xi'an undisturbed loess are conducted under different water contents
and confining pressures. The axial cumulative deformation of undisturbed loess under different experimental conditions is
analyzed. The influence of dynamic shear stress amplitude, vibration frequency, water content and consolidation confining
pressure on the seismic subsidence deformation of loess is discussed. In addition, the empirical formula for calculating the
seismic subsidence deformation of loess is established on the basis of influencing factors. The results show that the seismic
subsidence deformation of oess increases gradually with the action of dynamic shear stress, and the growth rate tends to decline.
The water content and consolidation confining pressure are the important factors on the seismic subsidence deformation
characteristics of undisturbed loess. Under the same dynamic shear stress, the seismic subsidence deformation increases with
the increase of water content and decreases with the increase of consolidated confining pressure. And the empirical formula for
the seismic subsidence deformation of |oess can be used to cal culate the seismic deformation of loess foundation.

Key words: undisturbed loess; dynamic torsiond shear test; dynamic shear stress; vibration time; seismic subsidence
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Phase transition of pore solution in saline soil during cooling process

XIAO Ze-an, HOU Zhen-rong, DONG Xiao-giang
(College of Civil Engineering, Taiyuan University of Technol ogy, Taiyuan 030024, China)

Abstract: The phase transition of pore solution directly affects the physical and mechanical properties of soil during the cooling
process. Taking the saline soil of Datong Basin as the research object, the phase transition processes of different saline soils are
investigated. The results show that sodium chloride can significantly reduce the freezing temperature of soil. There is a certain
deviation between the freezing temperatures of soil and those of free solution, which increase gradualy with the increase of salt
content. When the concentration exceeds the eutectic point, the freezing temperature of soil remains unchanged, and the
deviation of freezing temperature reaches the maximum. The second transition temperature of sodium chloride saline sail is
affected by the amount of ice formation. The more the ice crystal content is, the lower the secondary transition temperature is.
The sodium sulfate and sodium carbonate have little effect on the freezing temperature. When the concentration is lower than
that of the eutectic point, the freezing temperature of saline soil is mainly affected by the salt concentration. If the concentration
is higher than that of the eutectic point, the salt crystallization makes the eutectic point temperature of soil further reduce. Under
the influence of pore radius, the solubility of salt in pore solution is higher than that in general solution. By comparing the
experimental results with the phase diagram, there is a certain similarity between soil and solution. It can be concluded that the
secondary phase trangition process in saine soil is the formation of salt crystal and ice crystal simultaneoudy. In the case of
high salt content, the freezing temperature of sodium sulfate and sodium carbonate saline soil is actually the eutectic point
temperature of the soil.

K ey words: saine soil; secondary phase transition; freezing temperature; sat crystallization temperature; phase diagram
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