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Elastoplastic model for saturated rock based on mixture theory

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

Abstract: In order to avoid the difficulties in evaluating the Biot's coefficient value of Skempton's effective stress used to
formulate nonlinear constitutive model, the engineering mixture theory is chosen to build the elastoplastic model for saturated
rock. Firstly, according to the principle of homogeneous response in the engineering mixture theory, the constitutive laws of
saturated porous media are revealed as follows: "The solid matrix bulk strain determines solid matrix pressure, the skeleton
elastic and plastic strains determine Terzaghi's effective stress and dissipate Terzaghi's effective stress, and the fluid matrix bulk
strain determines pore pressure". Secondly, according to the Hoek-Brown yielding criterion and the non-associated flow rule,
the saturated rock elastoplastic model is provided on the basis of the existing rock damage model. Finally, the proposed
saturated rock elastoplastic model is validated by the triaxial drained and undrained shear test results. The researches show that
the saturated rock elastoplastic model based on the engineering mixture theory can fairly accurately simulate the macroscopic
mechanical behaviors of the overall stress-strain curve of rock including elastic stage, elastoplastic stage and descending stage,
and illustrate the changing rule in the triaxial undrained shear tests that the pore pressure increases first and then decreases with
the exteral shear stress. The engineering mixture theory does not use the Skempton's effective stress to build model, as a result,
it can overcome the difficulties in determining the formula for Biot's coefficients in Biot's nonlinear model and is more
convenient to establish the elastoplastic model for saturated rock.

Key words: saturated rock; engineering mixture theory; elastoplastic model; skeleton stress and skeleton strain; matrix pressure

and matrix bulk strain
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Egg-shaped bounding surface model for saturated soft clay

XU Ri-qging" >3, JU Lu-ying" 2, YU Jian-lin" 2, JIANG Jia-qi"? DING Pan'?
(1. Research Center of Coastal and Urban Geotechnical Engineering, Zhejiang University, Hangzhou 310058, China; 2. Engineering

Research Center of Urban Underground Space Development of Zhejiang Province, Hangzhou 310058, China; 3. Zhejiang-California
International Nano Systems Institute Taizhou Branch, Taizhou 318000, China)

Abstract: In order to describe the dynamic characteristics of saturated soft clay under cyclic loading, an egg-shaped one-sided
bounding surface model is established. First, by introducing the egg-shaped bounding surface, the model overcomes the defect
that the direction of the plastic strain increment at the corner of the Cambridge-type bounding surface is not clear, and degrades
the egg-shaped bounding surface into different types including the Cambridge form and the elliptical form, which reflects the
universality of the model. Next, the model adopts the associated flow rule applicable to saturated soft clay, uses plastic
volumetric strain as the internal variable in the isotropic hardening process, and uses the general isotropic hardening rule and
the mapping rule of the moving mapping center to accurately describe the soil stress induced anisotropy and plasticity during
unloading. Then, the method for determining the model parameters is clarified, and the influence of each model parameter on
the dynamic characteristics of saturated soft clay is explained through parameter analysis. Finally, using the one-way cyclic
triaxial tests on kaolin clay under undrained condition and the isotropic consolidated tests on Itsukaichi marine clay under
undrained condition, the simulated values are compared with the measured ones. The results show that the simulated results
agree well with the test ones, and the proposed model can reasonably describe the characteristics of saturated soft clay under
undrained cyclic loading and static shearing loading.

Keywords: saturated soft clay; egg-shaped bounding surface; dynamic characteristic; generalized isotropic hardening criterion;

cyclic triaxial test; static triaxial test
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Experimental study on seismic response of anchorage of bedding rock
slope with weak layer

YAN Zhi-xin!, LIU Chun-bo" %, LONG Zhe', HAN Yang', JIN Fei-fei', ZHANG Gong-hui'
(1. School of Civil and Traffic Engineering, Henan University of Urban Construction, Pingdingshan 467000, China; 2. School of Civil

Engineering and Architecture, China Three Gorges University, Yichang 443000, China)

Abstract: A large-scale slope model is built by pouring for the first time, and the shaking table tests on the similarity model are conducted.
The strain of two anchorage interfaces is obtained under the earthquake, and the seismic responses of anchor bolts and mortar of the
bedding rock slope with weak layer are studied. The results show that responding to the slope deformation under the earthquake, the
anchoring role of the anchorage systems works, the systems' strain increases with the continuous input of seismic waves and then reaches
the peak value, and finally they fail. The strain response of anchor bolts is continuously enhanced, while the mortar cracks because of
brittleness, which leads to a reduction in the tension and shear of the mortar, and a restriction on the strain response. The strain response of
bolts under earthquake can be divided into four stages: tension-compression recirculation stage, tension stage, intensive oscillation stage
and residual strain stage. The strain response of mortar can be divided into three stages: tension-compression recirculation stage, tension
stage and failure stage. Besides, the role and the transfer law of force in anchored slopes under earthquake are analyzed. This research may
provide important reference for the theoretical research, numerical simulation and seismic design and construction of ground anchorages.

Key words: dynamic response; shaking table test; weak layer; rock mass slope; strain
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Table 2 Physical and mechanical parameters of similar materials
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Frequency-domain characteristics of acoustic signals of granite under
uniaxial compression

ZHAO Kui" 2, YANG Dao-xue' 2, ZENG Peng'- %, DING Jian-hua® 2, GONG Cong" 2, WANG Xiao-jun"?,
ZHONG Wen"?

(1. Jiangxi University of Science and Technology School of Resources and Environmental Engineering, Ganzhou 341000, China; 2. Key

Laboratory of Mining Engineering of Jiangxi Province, Ganzhou 341000, China)
Abstract: Instabilities that have the potential to cause rock failures are serious engineering problems that can lead to geological
disasters. In this study, a uniaxial compression acoustic test is conducted to explore the precursors of instability failures in
granite, and the evolution characteristics of the accompanying acoustic emission (AE) and infrasound signals are evaluated in
the frequency domain. The experimental results show that the AE events below 100 kHz decrease gradually before the peak
failure of granite specimens, while the AE events above 250 kHz increase gradually. The average frequency centroid of rock
specimens undergoes a “relative rising period” and a “relative stable period” before the peak failure, which occurrs during the
relative stable period. The dominant frequencies between 5 to 15 Hz of infrasound signals are about 62.5% of the total on
average. When the relative stress level before the point of peak stress is more than 80%, the infrasound signal proportion in the
first and third frequency bands is at its lowest, whereas the proportion in the second frequency band is at its highest. Finally, the
dominant frequency of infrasound signal in the process of granite deformation and failure is fractal-processed, and it is found
that the fractal dimension of the dominant frequency of infrasound signal decreases to the minimum value before the peak stress.
The above characteristics of acoustic signal before the peak stress can be regarded as the precursory features of the critical
failure.

Key words: acoustic signal; main frequency; average frequency centroid; fractal dimension; failure precursor
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PEMRE, RS BRFEINEBIR RS, HEAR
WIRRE RIS, 1M e R TR R b 22 £
BEE AR IR ARSI AR H AT,
WA 228 R A T AR AR ) P RS I S S BRI
FEIAEIR T3 AT T KB FUERE S, Hii T AR
SHE S IR, JUH A S A WL TR AT
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e RE IR TR . BRI, RS S
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Ohy R EEVEILG, P AR B AL L R T e
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A AR NSRS

H 1883 M h AT KR A I RBUR A B A5 5
WeE itk ORI, [ P Ah 22 3 R A S AR I
T FUE B IR F T ICE T, AT T KRBT,
5% [ [H S AR U PR T SR B, S AR
e KRR 1~5 Hz IR S, AR AR
PR P BT K 55 TR0 P PRI R g0 55 155 A
I ZIBEAT T A B, Zha 0PRG4S 6
ANAE PRI AR EAT T SRl B 28 O 1R, 2 R AR T
HAERIR AT N B R AR W] R R (5 S BLSR
FEGRBSE BTG OL T, AR AR TERER R b 2R
s fE S HEELECA 2, AREERE A IFR
TR LR T S A5 5 I AT TS U ARAFAE BN W
MZFtE. LR A RER W] RS 5 X R
Fea A TRE AR E P M A 4 B

RIS, [ P A2 M P RS 5 R o e A2
FERIR (I TE S T EUSCR : Lavrov SEU WM I S
BT EAEAGER, R A AN R A R Y
W AR DA REAT T WFFC; Zhang S5U AR A %
SFEOR, ORI 2 TT R B g B & i A isR
AT THTTT; XSERESENS), Zhang S50 A R
SHE 5 EHE KA BORE X 2 8 28 R AT 11
T, GREBWIREA WU R A R 2 7 2R oW BT DA
SR O L P AR 5 ) 5 iR B BB 5 o PR K
Wong Pl X AE HAFMBER K 2, WHFE T 1E
Ma T RNR R R AUN AR IE . IR BT UL
KRB, PRGN S HOT LURAES A A B R
LUK, (H, XEERHHS BN BOR 5 %2 3 TR

TIHRFAL . BRIk, IR RS 5 PSR 3&
L5 A7 N R TCR ST AL RHIE, BAS UV E,

PAESCER TR B, H RS AR R R
PR S IO FT, BRI S S B iR E.
RER S R BT RECTHE. RERSETr T, (Hid
LS B P AR T R A A B LR A LAl
SRR IRHRFAE BT T I AE X P A WL o A SCHULAE Bl s
A 2 AL E AR I R rh A R R 5
S SIS AT 2Rl b, 36 BT FCIEAE S TS
(7] AU B P A5 5 S RS 5 PR L R AR
PERFAL, LA VAR F7 BT P A5 5 M 70 TR 4E K oy
AL, T RAER G AR TEREIR IR b A 2245 5 1R IR
RFAIE, DY SEBLEIE P 22055 M0 L FI0 A R AR AR
Fefit—E KR AR -

1 iR
1.1 TEREREE

e e s BB E W — A K S, &K
SCUTEE TN S SRR AR K iR AT
BB R G P A R AR, R B LR bR
PR AR A B S B K FEN S8 20.74 MPa,
W] ZE R 73N 10.46 MPa, #¢/NERFIA 2.33 MPa.
IR E Fr S J15 54 (ISRMD RIS R AE B 2 b
T @50 mm x 100 mm FIFRAE B R AT 551k
JE IR T8 < A AR A8t 78 v iy 3 28N, 1
FTEENIAAE B A PR st AT T4 8, RERUEE R
FARAE P T R . SRR E SRR R
P POl K RSE, Phik 4 S s TR A
AT B R 40 75 225 5 R, RS HZ
* 1,

F= 1 AR LA R IR

Table 1 Geometric dimensions and wave velocities of granite

specimens
AEHS  BER/mm  &F/mm FiE/g  PEE(ms")
H-1 48.50 99.30  485.73 3478
H-2 48.64 99.70  486.45 3561
H-3 48.64 99.44  488.01 3587
H-4 48.38 99.30  483.67 3459

1.2 RWEERAELF R

I#E#58 RMT-150C 75 A 1558 R4, KF
WA 5 R W 4 2 B R 5 B 75 2 BF 58 B i R 19
CASI-ISM-2009 B 7t 75 I K SR A S i & ) 307 3%
10, 7RG RAE R G 3 E P HL S 22 7 AR = K (1)
Micro-11 Digtial AE System ffif4-F1 AEwin . In#k
J7 RO A R ], InEGE R )Y 0.001 mm/s; KFE
P AR T AE S INFR A A HIEE 50 em Ab s B, K



%12 3 B, S REIRAAR AT T AERCA A A USRI A 2191

55 REMMF B E N 640 fH/FP; ASCESE UT1000 2
IR RGTRL, A RHRSK 5 A A R i i i A —
JE IR, DU OR A R SRR 5 A Al R 2 T B 7843
Ma.

RIGH AE 11 THE BRIE W BN 35 dB, A7 B3 55 1
BN 40 dB, KHEEEAN IMSPS. In#ERI 2w, WRE
155 REVERE BB ARG T IFHURE F X
FES, EARKRENIEREES.

RIGFFURRS, FPBITMERR S KFHEE 5 RE
W S8 R PGS R A, RIS 28 i 72 ) Al
AR A] B R RS S A R AHE 5 AR S
o RIS I AE B 5 R dh mg 277 - AR il 28 2
K1 PR,

180

[ — H-131F
160 — H-2ik {4 H—4
140} —H-3§}i H-2
& —H-4
g 1201 o
E 100} H-
= 80
& 60
a0t
20

1 1 1 1 1 1
0 0.001 0.002 0.003 0.004 0.005 0.006
ah rﬁjﬂﬁl(mm-mm")

1 $ER N - AL
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Experimental research on behaviors of geogrid-encased stone
column-improved composite foundation under cyclic loads

ZHANG Ling, XU Ze-yu, ZHAO Ming-hua
(Institute of Geotechnical Engineering, Hunan University, Changsha 410082, China)

Abstract: To study the behaviors of geosynthetic-encased stone column-improved composite foundation under traffic loads, a
series of laboratory tests on composite foundation reinforced by single geosynthetic-encased stone column subjected to cyclic
loads are conducted. The composite foundation is instrumented to monitor the stress distribution between piles and soils,
accumulated settlement, excess pore water pressure and column bulging deformation. The influences of the reinforcement
configuration, tensile strength of geogrid encasement and thickness of sand bed on the cyclic behaviors of the composite
foundation are investigated. The test results indicate that the pile-soil stress distribution is stiffness-dependent, and the vertical
reinforced encasement improves the plie stiffness. The horizontal reinforced geogrid can further increase the loads to pile top,
while the sand bed increases the loads to transfer to the surrounding soils. The accumulated settlement reduces with the increase
of the tensile modulus of geosynthetic-encasement. Based on the settlement control, the geogrid with high tensile modulus
should be selected as the geosynthetic encasement. The accumulation of pore water pressure in the composite foundation
increases with the increase of the stress in the surrounding soils. The bulging deformation depends on the vertical loads on piles
and the tensile modulus of the geosynthetic encasement.

Key words: geogrid-encased stone column; composite foundation; model test; cyclic load
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Fig. 5 Variation curves of pile-soil stress distribution with time
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Fig. 7 Variation curves of excess pore water pressure with time
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Fig. 8 Variation curves of bulging deformation with depth
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Model tests on stability and ultimate support pressure of shield
tunnel in sand-gravel composite stratum

SONG Yang!, WANG Wei-yi>, DU Chun-sheng’

(1. College of Architecture and Communications, Liaoning Technical University, Fuxin 123000, China; 2. Civil Engineering College,

Liaoning Technical University, Fuxin 123000, China; 3. China Railway No.4 Engineering Group Co., Ltd., Jiujiang 332000, China)
Abstract: For the shield-tunneling in sand-gravel composite stratum, if the support force is too small, it will easily lead to
active destruction of soils in front of the excavation face and cause surface settlement. A parameter for the sand-gravel
composite stratum is defined, that is the ratio of height of silty fine sand in excavation face to the cutter diameter of shield
machine. Its effects on the ultimate support force, surface settlement and disturbance range of excavation face instability are
analyzed. Based on the model tests and the silo theory, a computational model for the ultimate support force of excavation face
of shield tunnels is established. It is introduced into the model, and the relevant formula is derived. The results show that: (1)
With the decrease of the support force of the excavation face, the lateral earth pressure-support force curve exhibits the laws of
insensitive stage, rapid declining stage, slow declining stage and stable stage. (2) The larger the value of o is, the less conducive
the control of surface settlement is. (3) Compared with that by the traditional model, the failure surface being approximately a
broken line by the proposed method is more suitable for the deformation and failure mode of sand-gravel composite stratum. (4)
The ultimate support force increases in an approximate linear functional relationship with the increase of 0. When the depth of

overburden is large, the effects of o on the ultimate support force should be paid more attention to. (5) In the shallow stratum,

the effects of overburden depth on the ultimate support force _
are more obvious, and need to be paid attention to. The research ESWE: EFRAARFEETH (51974146); L T8 AMRRIYEESE
BiH (2019-ZD-0042); FHEkPY )5 12 7] H i RHIFBOGIIH - (19-2138)
YRS EHA: 2020 - 03 -25

*EEEHE (E-mail: 550754647@qq.com)

results have important guiding significance to determining the
ultimate support force of excavation face in sand-gravel

composite stratum.
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Mechanism and simulation experiment of slip-type rock bursts triggered by
impact disturbances

DENG Shu-xin', WANG Ming-yang' 2, LI Jie?, ZHANG Guo-kai', WANG Zhen'
(1. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 2. State Key Laboratory of

Disaster Prevention and Mitigation of Explosion and Impact, The Army Engineering University of PLA, Nanjing 210007, China)
Abstract: The slip-type rock burst caused by the sliding of structural surfaces is sensitive to external disturbances and may
release huge energy. Once it occurs, it may have catastrophic consequences for construction workers and engineering
equipments. Using the self-developed test device and the high-speed photography technology, the whole process of the slip-type
rock bursts from initial sliding to slip instability under impact disturbance is simulated. The mechanism is discussed from three
aspects including external causes, internal causes and incentives. After an external impact, the propagation of stress waves in
the blocky rock masses can lead to the reduction of friction, which is known as the ultra-low friction phenomenon. Once the
friction force of structural planes reduces to a value less than the initial shear force of the structural plane, the rock block begins
to slip. If the final dynamic friction force is still less than the shear force, the rock block will continue to slip, causing the blocky
rock masses to be instable and collapse, namely a slip-type rock burst. The sliding motion between rock blocks induced by
impact disturbance is closely related to the initial stress level of structural surfaces. A dimensionless energy parameter is
introduced to characterize the critical energy condition of slip-type rock bursts induced by dynamic disturbances, and the
quantitative relationship between the energy parameter and the initial stress state of the structural plane is given. It is concluded
that three conditions need to be met for the occurrence of slip-type rock bursts: there are weak structural planes (internal causes)
in the block rock mass, the stress conditions on the structural planes are close to the critical state (external causes), and the
dynamic disturbance causes the shear strength of the structural plane to decrease (incentives).

Key words: slip-type rock burst; impact disturbance; model test; rock burst mechanism; high-speed photography

o 5 = —
BEE T E L A E B as SR e, T HLWME: FRERHFEIESTELESIH (51909120
R ) PR BT 2 0 FF A 4 - S R PmRT: 2020”0309

*BEMEHE (E-mail: wmyrf@163.com)



2216 H O+ T OB % M

2020 4E

o AR KHIR M FRIBRE R, AR R W
MEE R 10 E, — B RAEBTREERN RGT. &
BIRERE N, JrolE TR, EER e
AT R AL 2. RIS R — EH &2 E WA+
FORVE, ARG ML A e, A1 BRI Tt |
TR K 32 il AEAEAH 2 K IR U4,

HRE A ARG AN, 5 B AT DA Sy 2l
AR T A AR S8, 8RR AR Y
H B IIRR MW EER R RN, EERN
ER A . B R SRR TR R I, R AE R A
HLUF 3 A E BT

(1) S8 =M. ErdEy FHd, Hef
U7 2R T B i D 2 T 3 A BB T S R o R
HRZO), 7 R B K R S R P B T i T334
R, SRR S AR R A BAE DI RIS,

(2) BltaemE K. FRogEPIRTE 20 th4D 80 4F
R R R TR B AL BN, e Wi
TE RS LA R R 8 i LS AR R S IR S R R AR £
TEN FEIR B B — A ol A AR B 2 5 e K
BEEIR o

(3) XFANFINBHBUR . Whyatt SR A 25 5 G
TN T5% I A R A TR R JE B B R T LA/ JE R
Az BREEFECHIAE I UIAS AT A K I X fid A IR 1)
oM 1SV 114 R, f 89 e (i 78%)
S R Ak R 1), T80 RV F R R A i 1 SO A8
R 50%. Kaiser' A\ i FERE. HuE
A2 B A AR R = 2T, Re S SR SR
S5 THT P L P R A R ) B I R

AL, R R A BRI 7 vl e B sE ) T
T HRE o 0 NAR RUA R RIS A U1 Sl
BB PIDL R 5 A e O AR T KRk R,
T A R A RO S > . H A R I B —
PRI I n U TV R VA AT R, T pp R
Bl R A ARG D o TEXTE BRALEL A
WE, — MR RRE R A A EEE, iR
RN K IR A AR 13 1 RN, e i
FEBESN. . Tk, ARSCRIFG A A EFER T “H
R R A RS SRR R4, 456 Ml
HR, Wit bzl IR A A R ) B RS,
FHXF R B A RS LR EAT IR

1 REHFR
1.1 [ fEL
Mt sh TR A RIE A S , Al e

THRKE ORI 5 TR I3 P sh 3T =
M T A T R AR AR T T RS A5 P S E R
SRR AR . 1ZLRE T DR A0 1 s (R B4
RBEAT W RO,
——— KBS R

— AT
*

E 1 A ENES LR EERELREE
Fig. 1 Simplified schematic diagram of slip-type rock bursts

induced by impact disturbance

1.2 HIgHER
MRYEE 1 PRI SRR, SR 3 BB A 2L

Wb P AT TR T R AR AU, I 7T, B 2 s
BT ID A HURNSE A 160 mm X 125 mm X 125 mm, i
B 6.2 kg, HABGHEEEN 3800 m/s. 5 ALY HHLEE
M, N EE TSR 1~5, B3 AR TR CE
FRAR) o 6 L A] O3 A 32 T A BEAT R R OO G AT BE AL
H, e AR ORE A SRR R E k.
T IR B B A IQEAT I AL B, FEE T 3
EARIE AR E 1
: N

FRAE AL
(IFIF#10 mm)

VREARUE =y niiogkid)
Fig. 2 Samples of red sandstone

1.3 ERE

IR IR B BUPRE W R E A
FRPEIR R R P2, IR LA R ALAEG T S
FEEP A 3 Fros. WIREH TG EHn
BEHE DS R 3 HR o k.
1.4 mEFHEE

e [ el B R 22 A T H Bl R 2 24T
InE. BRSO F e B it E, XA
PSR SOG AT PR BIR 77 IR ATIE 1000 N, JE I



12

ST, . phdrisl iR AA R RIS LI R 2217

FAER ¥l R G s b N3G 4G 8], BERE S
B 0~200 ms AT = B[R] [R] B 1R A 1 15 o
BHEMBRE

d il H, o L]

(d) W fse
B 3 &S =

Fig. 3 Plan of simulation experiment

AKET7 1) B RN LR T AR A b, N
(0 53— i 2 I TR AL S ARG AL AR, I R RE T
HE, SEIUKFR NI, R T b
ANFIRANEIRIEETTTI F3 0 PRSP PR ) A 5 JeAl
SBEE T 2 MUE TR 4 (KT i85 .
1.5 MEHZE

TP s A R R A B AR R AR AT I
K, NRIEER KD NOS defa ke, B
0~1500 N

BT A B ) B a6 B UL K TAE S B KA 2 3)
1 Photron FASTCAM SA-Z miBfs L Tid%, &
() B R AR R WUR AT 75 20000 fps, i 20 PR Al ik
1024 X1024 pixel. N7 HEIG 5 midfi#e, KA LED 7
FEAT AT . SEIS H miE TR AL R 1 B 1000
fps, HERILE N 1024 X512 pixelo i H G HLIEERE
1 ms idk—RPUAB R ) EE R . IR s,
s B SN EUEAE S (DIC) T E R AE S
AbEE, TTAR B REAHUARRL A R . B BB AR G
IR LGRS TE AT S P IR R, SRAAH ST ER
SRR FER M MY . ZI7ikRe s I, XER
BRELRTERS, MEREE.

2 LR
2.1 BYIEE

S BT B U150, FE AN 0 B e ety
JIAET, R RIS )7 B KRR,
M TAREBIK T IEs), BERGRR, LRI
HKPRLME, BUONSHITE B V)98 . ARl 45 R
T EEN, WIRES 3 JHCFAE. il 3 Rag)
W8 3RS BT VI3 ) P 2B 189.75 N

N T AL TARE RGBTV Sk 5 XAIIa 8T
DIJ1E B KT I AT B ) 9 L 1) LU AR,

T
=% (1)

X T, F KPR By Ol
2.2 EEfFENERN

HLEN SRS A5 AR A, AT DORE R L o
JIRSRERILR, 0 p(0), X F7 AR AR T B
BT L, o BB A B 1 N TR AR
EPHAA B HEARK LS ERRIN b 24 380
T RGNIIBIRAG R, P ReEAh AT
B SR A

2 2

1‘00 1
W=—o Hyde| ==, 2
5 [ ) 5 )

A, wovhiaesE, m AEWREE, . 4
Fohii Jye R 2R K2 (2) AT AR B R EEXT R
i PLah Re .

AR RE R, B PR AR I AR 2k
WK 4 () fr. HE 4 @) A7H, ZEHE N b
BT EIG, PRAE A R ARG R R, B E R
FAAENTE I R RSN . PR Bl A A B e A
Aifike, BEEARRRBLIREIR . A a il B IREh F
AR, BUE SRR AR, WiE 4 (b) FiaR.
E B AR AL RS AL TR RS I, A SRR




2218 H O+ T OB % M

2020 4F

BRI AT S BB A, B A R 45
A

— AP —— A —— A3
“ —— 4 —— BB

-20

; L L J
50 100 150 200

(a) rhififRE250 mJ R R IR LR

— AP2-AR3

L L L J
50 100 150 200

0 50 l(l)O 1510 260
I} [l /ms
() KR FT170 NAK AR I i 2%

4 BR{UFHBATIZRZ

Fig. 4 Time-history curves of displacement of rock blocks
2.3 IKFALFEM N

HY 2.2 STRTRA, VS5 R TV 1A A R A 57 7% K
SR BEEE IR e — ELEERE T Rk N BT 2
T8I Y) ) OKFRLIT), TAEE SOk 45 - T 46 7K
VR, AR RN 4 (o) Fos, REATR
B I TAR AP 3 M 2RI 5 .

K4 (o) hpbdigeE N 1| mJ I, TAEEYIF
BA AR RACHRLRE, YRR WE S (@) B
Ao UEHIEIRMIE DL, 52 % 1 vh ot PUsh 2 mi i P4
Ja I BEBE IR KT TAEE T 2K h ) .

4 (o) i BEREN 10 mJ A1 100 m) i,
AR BRAE B 18] i PESI I TN 5 T 46 WS K5 1 T
&y, BEI BEAR S I BE /N T AR S R 2K PR
FEPh BN AT BN S8 S5 o B e R IR B 5
1k, TARESRMBIES ) Fy KT T, TARS
Yo AL s BEE J0AE R B s 1L R, P AR RS
WE s (b) Fron. rhdiBEEN 10 mJ A1 100 m) i,
TAERTAE 170 N AR ER R 2427 390 pm
970 um AR HLFL

Kl 4 (o) ey 250 m) I, SHU %
[ RBNE LEJG TAR A AR S . Ut IR S5k T
BEEHE I FNTOKFRAT , BT ARAES Ny %

T-F,, TEEYES—HIPK TP A REEEE SR
RGUE. ERRIIREF, NTREHE, FEAE
ET R, mE 3 () Fin. FITER S (o FilF
A BRI S , TARE SR AW, BERIKT
Btz ik, PRAERARAIRS . MAESEhR TRE, AR
ERIIER N R BRI B iEs), ERAA
GiRith, RAEWEBAISE.

(e) WBRR

(a) THBAE (b) BARNB

5 THERBRKFEHIED) 3 FuR7S

Fig. 5 Three states of horizontal sliding motion of working block
2.4 FHRERNHB

K4 (o o, BeRfds K/NGE R b5 T K
V) AR EEE SRR AN . B 6 AN FEIKFRL A
YERIN TAR G BoK 2 shik R AR 5wty fE B A] FY)
KFo AR —ER, B rhdse s, T
VRGP PR AR AR B AWTE N, 1 W G B XL
JIARAF N o XA AR L BE il BE B4 RN,
7E BEBRN . ¥T=180 N ( =0.95) i/,
05 my Pl e & TAREHG 4 330 pm SRR LS,
10 mJ $RBNBEE M REVE K TAE G PR AR K Ad.

2500 —o—180 N(B=94.86%)
—>—170 N(B=89.59%)
—<—150 N(B=79.05%)
| —o—130 N(B=68.51%)
2000 —v—110 N(B=-57.97%)
—A—90 N(B=47.43%)
£ —0—70 N(B=36.89%)
<1500 H —0—50 N(B=26.35%)
®
:]3
4% 1000 |
BN
500
|/
E: - 1 1 J
0 100 200 300 400

WAL R/m]
6 BRAMBEHERERZEIRR
Fig. 6 Relationship between residual displacement and impact
energy

2.5 ImFREERMN

H1 2.3 ATAL, 2@ KPR, TAEE
P ZORATT LA D9 3 0 (] 5): OFA BRI R
fit%, AR TE, @At niER, (H
HAR—ERET L, BRIFRBREZERRE; ©



128

ST, . phdrisl iR AA R RIS LI R 2219

EHREB KR ER T — BRS8N E R ARG K
FEBIIR . 9 T 3RAEIX 3 Mg 2R 1l 77 R B 2% 1
ZM Kurlenya SEPIHRYE S P2 s Aok i 42 6 45
RO B R AR o R AR T U 5 LR I R I B R 4N
REE &M, SIANTENRE L,
k=t ®
mC. ’

[, WS REN E F Re s, FHEEGR T
BRE TR HAA BN RE, C, N PR
gt ZHIRE, ARKFRIERT, A¥IteE
T8 LS B ARt b R 20 BL ) & Wl 7 B
Bl 7 3 AN BIARER TSR P2 B imdish 51 3
PR ZOIRES . 24 BAEEBUNS, AL RE = L B AR T
WHERROE, A RAERBRER, AR RAET
I e EAE RS B RTINS BOKK, 2%
KN Re R 1S A POk A kR, HikFaeE
HBEE B BE KM/ 2 B HE 1B, /MRS
WREE K APUER R, HiFFaeEMbE g g K
SRR o
350w SHEEBERANE

a0l & WBAREREH p,i=1287<0-0

—HIEER .
25 vl X
g 20 %z{]f\lﬁzlz HBKRX
§1_5_ k=2x(1-p)
1.0+
o5k XII:
?#EI'BE%IXI - S .
0 02 04 06 08 10 12

B
7 ERAFEIRLRISHIRA REE KM
Fig. 7 Critical energy conditions of different final states of rock
blocks
RAERIG LR, AR LA YT R A
M RFERER AT LAY B R s N
. %xﬂ—ﬂfxmg

128.7x(1- B)* x10”° @

(@) M T phe A E NI ALE R R A
R A S A YWIEN I PREZ M E®R R, BT
BENSE L 51- B FIEL.

Kurlenya %620\ Ky, & MEHRERE R, Mk =
(1~4)x107" i, BRI HFIEE K, Mk =(1~4)x107
I BEAS AP R Gk NESEHRIRTS o W 5 1R, bR
BRI AR BE T aa e T EEVE AT A 75 25 e ) 1)
BB 1H25 5« Kurlenya 515 5 B 45 MBI ) /)
FITERT, AR TR (4 =0 fEm. X (4
L B =0 ITHE S5 AT Kurlenya 512318 i3 3 37 Al

AR R, Wik T (4 FE M.

3 EBEABRIIERN

FEAME I RENE R, R A RN A% 4
TiayRs), SEPEIREIGEAN R, 5B AT
IFi) 1 FEL P 45 R4 T 9 I BRAEAE AR LA o I AH X A2 S
Qb A ] IS 546 THI LB 827 (R8N T 3 BR 4 0 R R
R PREN e R K, RENE (A5 G54 T EE 4 ) BRI
FNTAIEEIY) ), TARE ST IRIR G 72 .

AR B YOR 25 M TH ¥ #1832 B ] BL— B R
BN EER T T R EERE 4 F KN, K
T <F,, TAEAYAEERIER TE1biEg), &
AN . WK, ¥T = F I, TSR i
BB TE, RAENBAER. Fit, REGRERE
EBALAR, TEE 3 KM

(1) 85, AR HEFAERE A, BAF
WINPT R, XREBALERIIA R,

(2) SRJG, S5HETH b R ) 5% A T BT I 57
W&, T =Fm B =B, =F,/F, . XAl NEHE
ERIIIMA .

(3) AhErbd izl Re B2 LW K, RN
JIBE G ST A R N BB T F,, RIS 2E

W2 k=128.7x(1— ) x107° o X2 F8 ALUA 1B 115
o
4 % ®

Bt TR A A TR v R AR R R 109 A% R R I
A, FIRIBEA RIS R G, B T phdidiah TR
RIF R G LR, JEMN L SRR 3 7 TR
W AR RN,

(1) AR PR Bh B 77 AE B 2 R AR 4k
A5 N A% 4 73 ) 2 L P 45 A T P ) B A7 AEAH
XRLAAEAS , 38 RS AL T IE N ) AN BB )R
B, PAEBMREEILR .. M/KPR—E, &M
RER MG, TARA B R AR AR =AW,
VeI B AN AR BN R 2 . — LAy EEHE
NN T ARSI, AP IR . MRS
T e & (BN BEE IR N T B 0, A Bk R ki 1%
SRR AR, RKAEBBAGE,

(2) Mt sl R IK E B IR i 8 5
WIE BT YN 7K F- 3 UIAHSE  BEE KT BT 00 1 3K,
KA E R PTFR RE RN . 2a P T i 5
SPHRIRASIN AR APl B AT 5 A UK IR B )
ARG, HRRARBR G,

B FIN— N ENREESE & RERALS 1130



2220 +

in>

T

B ¥ Ok 2020 4F

N

FRIEBIE RN IR TR ERM, It T ZREES
HG S N PRSI E B R R, TENSH k
51-p 17 J5 Bkt

(4) TR AL R AL 75 B 2 3 AR WS
T, TREE A TR AAAE RS 45 44T s SMERJTTH
SR B S N I TR, — ok, B
DIAIRER TSR s B /1 IR, 2 J1Rsh B
fEA3 S5 T BE 1 R BN TR 85 U1 77 .

SE -

(1] BEEE. A2 RIS BE S REZEM]. b
B2 H A4k, 2013. (FENG Xia-ting. The Mechanism of
Rockburst Gestation Process, Early Warning and Dynamic
Regulation[M]. Beijing: Science Press, 2013. (in Chinese))
KRBT, KR, AL HAGEMPTRD). AA ST
FE2A4R, 2008, 27(10): 2034 - 2042. (ZHANG Jing-jian, FU

(2]

Bing-jun. Rockburst and its criterion and prevention[J].
Chinese Journal of Rock Mechanics and Engineering, 2008,
27(10): 2034 - 2042. (in Chinese))

BeRUE, 3T OR, Fharld. BT UM B SE S TR
FREEPIRBEIS A BT D). & 155 TR,
2013, 32(10): 1973 - 1980. (CAI Mei-feng, JI Dong, GUO
Qi-feng. Research on rockburst prediction based on in-situ
stress measurement and mining disturbance energy
accumulation theory[J]. Chinese Journal of Rock Mechanics
and Engineering, 2013, 32(10): 1973 - 1980. (in Chinese))
LWRAR, RBEE. TRE M pf i A BT TR B,
W& 5EH 0. AA %S TRE%EHR, 2015 34(11):

2188 -2204. (JIANG Yao-dong, ZHAO Yi-xin. Research

[4]

status of coal mine rock burst in China: mechanism, early
warning and control[J]. Chinese Journal of Rock Mechanics
and Engineering, 2015, 34(11): 2188 - 2204. (in Chinese))

e, A bR RIE S HLEL 3SR BT
WA (0], A %, 2014(1): 1-6. (QIAN Qi-hu.

(3]

Definition, mechanism, classification and quantitative
prediction model of rock burst and rock burst[J]. Rock and
Soil Mechanics, 2014(1): 1 - 6. (in Chinese))

RYDER J A. Excess shear stress in the assessment of
geologically hazardous situations[J]. Journal of the Southern
African Institute of Mining and Metallurgy, 1988, 88(1):
27 - 39.

JORE, LR, SRARER, A SRR BT DR R S
FEM RO MM D). & A% TR,
2015, 34(9): 1729 - 1738. (ZHOU Hui, MENG Fan-zhen,

ZHANG Chuan-qing, et al. Characteristics of shear failure of

structural plane and slip rockburst[J]. Chinese Journal of

Rock Mechanics and Engineering, 2015, 34(9): 1729 - 1738.

(in Chinese))

JOME, LR, TRAEIR, S RIS BRI R ) S5

TR FIALE 3BT 0], A A %5 TREFAR, 2015, 34(4):

720 - 727. (ZHOU Hui, MENG Fan-zhen, ZHANG

Chuan-qing, et al. Shear failure characteristics of structural

plane and its application in the study of sliding rockburst[J].

Chinese Journal of Rock Mechanics and Engineering, 2015,

34(4): 720 - 727. (in Chinese))

BRosdt. B LTRSS, s Enl]. sa0%51

FEZH, 1987, 6(1): 1-18. (CHEN Zong-ji. Engineering

record of rockburst, theory and control[J]. Chinese Journal of

Rock Mechanics and Engineering, 1987, 6(1): 1-18. (in

Chinese))

[10] WHYATT J K, BOARD M P. Strain softening model for
representing shear failure in continuous rock masses[C]/
Proc 2nd International Symposium on Rockbursts and
Seismicity in Mines, 1991, Minneapolis.

[11] KAISER P K. Canadian Rockburst Support Handbook:
1996[M]. Sudbury: Geomechanics Research Centre, 1996.

(12] fri], R&Hr, B, 55 phila Bl R Gk
R[] A% 5 TRESM, 2014(9): 1729 - 1739. (HE
Man-chao, LIU Dong-qiao, GONG Wei-li, et al

Development and test of impact rock burst test system[J].

Chinese Journal of Rock Mechanics and Engineering,

2014(9): 1729 - 1739. (in Chinese))

Y T = N N VAR N S I DA il 3

AEE R RIS AT S AR ], BHEALE SR, 2016(15):

173. (LI Xi-bing, GONG Feng-qiang, DU Kun, et al.

[13]

Progress report of experimental research on rockburst under
dynamic stress of high stress rock mass[J]. Science and
Technology Innovation Guide, 2016(15): 173. (in Chinese))

JrEER, W, SRR, S BRI s AT RS
BREVE R T A i R M B =Rk e wt e (0], & iS50
53R, 2016(7): 1309 - 1322. (SU Guo-shao, HU Li-hua,
FENG Xia-ting, et al. True triaxial test study on rock burst

[14]

process under the combined action of low frequency periodic

disturbance load and static load[J]. Chinese Journal of Rock

Mechanics and Engineering, 2016(7): 1309 - 1322. (in
Chinese))

(15] RARK, FF%, M, 55 ShaSiahm A R HE &
AERFEIR I BERAUD]. H A 1% 5 TRER, 2007(5):



128

ST, . phdrisl iR AA R RIS LI R 2221

915-921. (ZHU Wan-cheng, ZUO Yu-jun, SHANG

Shi-ming, et al. Numerical simulation of instability and

cracking in deep roadways triggered by dynamic
disturbance[J]. Chinese Journal of Rock Mechanics and
Engineering, 2007(5): 915 - 921. (in Chinese))

(16] ¥ —ili, =AW, PEE. 52 s /o el i BRI =5
BT, AR TRE2ER, 1993(5): 59 - 66. (PAN Yi-shan,
ZHANG Meng-tao, LI Guo-zhen. Rockburst analysis of
circular caverns with dynamic stability criterion[J]. Chinese
Journal of Geotechnical Engineering, 1993(5): 59 - 66. (in
Chinese))

(17] BRGE, B 5B, "l Tk, & BRESIE T BRI R s
BRIOBERIAIE BT L[], & A )55 TR, 2017, 36(7):
1634 - 1648. (GONG Feng-qgiang, LUO Yong, SI Xue-feng,
et al. Simulation test study on slab buckling rock burst of
deep circular tunnel[J]. Chinese Journal of Rock Mechanics
and Engineering, 2017, 36(7): 1634 - 1648. (in Chinese))

(18] fryg], B8 JE, AL U, S ASIR]ENHOE N A RO
BRI W [7]. & 1 0%, 2014, 35(10): 2737 - 2747
(HE Man-chao, ZHAO Fei, DU Shuai, et al. Experimental
analysis of rockburst failure characteristics under different
unloading rates[J]. Rock and Soil Mechanics, 2014, 35(10):
2737 - 2747. (in Chinese))

(191 F/NF, BB, IRERER A KA 1 E BN B [Cl/
HOW T2 BRI SO 51 A IHLER R, 2010, b
5. (ZHOU Xiao-ping, QIAN Qi-hu. Quantitative prediction
model of rock burst in deep fractured rock mass[C]//New
Perspectives and New Doctrine Academic Salon Collection
51: Exploration of Rock Burst Mechanism, 2010, Beijing. (in
Chinese))

[20l MA G W, AN X M, WANG M Y. Analytical study of
dynamic friction mechanism in blocky rock systems[J].
International Journal of Rock Mechanics and Mining
Sciences, 2009, 46(5): 946 - 951.

[21] KURLENYA M V, OPARIN V N. Problems of nonlinear
geomechanics. part II[J]. Journal of Mining Science, 2000,
36(4): 305 - 326.

221 & A&, HdE, Y], & AR R K R
BRI [)]. IR HARRLE 4R, 2017, 39(4):
22 - 28. (LI Jie, ZHOU Yi-chun, JIANG Hai-ming, et al.
Proposal of nonlinear pendulum wave problem and research
instrument development[J]. Journal of Natural Science of
Xiangtan University, 2017, 39(4): 22 - 28. (in Chinese))

[23] KURLENYA M V, OPARIN V N, VOSTRIKOV V [, et al.
Pendulum waves Part III: data of on-site observations[J].

Journal of Mining Science, 1996, 32(5): 341 - 361.

AL NFHEREXEREAFAMISERRRINEF

R E AR TR % a5 E TR
BRI T SR P TE o TR A 7, PHRE TR
SRR I B8 B RS S SE R AR &7
T2020F 11 H20A —22 BAE 2D B H . S Hhitk1204,
S 65200

WGP ARIRESA, bl LRk 24y, Rrgkdik %24
A, BeET2AN e BERILEE i TRy R ETE L “K=
47 GRS X IR R iR, Sk LT N
CEBRFEWRHEE RO MR G . WL 7 B TR
BRI B D) 2 B b SRR Y DG BR R 2 ) RN LR A )
BT T T IR . ARSI EA R . R,

ARy ARBR . HILANTE, BT MERE TR HUR AR
TR A TREABUE T UL ER R 5570, 52
BRARM TR TR, IR T 5 SE MR, KA h
M (et 3+ 2 R 5 SRR R TR A BT -

AR EBSNE] 42 F 60 2 AN AR A 16956 F AR L

SVCRMI & LT RN AT, 22k bR Bk, BT
e SWHAMK AR ERE G &L KR L A, B
7B, BRI s, R RIS
AR

SO, AR SRR LB BT T TAERW, 3
HRBLRERANM U

(PH B TR R T HAR N EW SR B0% . Bl 5 80 55 2B 7 R AL U e & L)



F424 H12H
2020 4 12 H

= =+ I

Chinese Journal of Geotechnical Engineering Dec. 2020

E I

Vol.42 No. 12

DOI: 10.11779/CJGE202012008

7L BREY B R R0 2 REE 4T

Rkt xRk, RERL OB BT
(L FPAFLATREER, TP 400045, 2. THA: LB U SHHASH A9, TR 100045,
3. TR KA SRS TR R, )

B O mALERDE MU, TKEEIEMZ, WA FE BT BB B R R
KA RT S BBOTHAE I Z 2 REEBT %, W FE AL R A MRHE (HKO XU 4R Bl fLAE 1k
W KA A ) RS R o+ TR B, R AT 1 X BT ST BRI, LB R A AR A E
IRERSFAT T AT AP AL IR ity 5 BY 1A Tt 55 BAT S 8 AN R LTS AE IR 204 rh T2 A FLR I T)
A SE R R IR, AR R R e R AR, AEIL MR il B rh 7= AR R B T3 AR IR NPT e 2
BUBIA B E BTN TR N IR AT, Rz, A RCT Y Bt AT B8 3 B He 4 117 17 B U 7 (K35 AL o

KR mALBER WA, R4 SO BB CPRIND; ZRUE

hESES: TU4II XERFRIRES: A

XEHS: 1000 - 4548(2020)12 - 2222 - 08

EZE N RBIRA990— ), T, BUEATIE O, T, 3B ANSRORE AR 2 RO AL 7 M AT 58 . E-mail:

hwucqu@163.com.

Multiscale analyses of failure pattern transition in high-porosity sandstones
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Abstract: High-porosity sandstones are important host rocks for hydrocarbon and groundwater reservoirs. It is of significance

to investigate their failure pattern transitions under different loading conditions. A hierarchical multiscale modeling approach is

employed, coupling the finite element method and the discrete element method, to compare and analyze the failure pattern

transition in typical geotechnical boundary value problems, e.g., (drained) biaxial compression tests, borehole stability problems,

hydro-mechanical problems, etc. The failure patterns with distinct geometric features, including pure compaction band and

shear-involved deformation band, are formed under different loading conditions. The transitions between different patterns, due

to stress concentration, boundary conditions, pore pressure, etc., complicate the failure patterns in boundary value problems.

The increase in the effective mean stress tends to transit the shear-involved band deformation to the compaction band one and

the decrease tends to cause the transition from the compaction band deformation to the shear-involved band one.

Key words: high porosity; sandstone; compaction band; shear band; pattern transition; mean stress; multiscale
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Response characteristics of sound fields of stratum frozen wall of water-rich
sand during developing process
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Abstract: The ultrasonic tests on artificial frozen wall of water-rich sand stratum at depth of 16 m in Guangzhou Metro Line 3
are conducted by using NM-4A nonmetal ultrasonic test meter to study the response characteristics of sound fields during
developing process of frozen wall. A thermoacoustic coupling numerical simulation method is proposed based on the heat
conduction and pressure acoustic theory. The variation rule of temperature-sound field and acoustic characteristic value are
obtained. The relationship among freezing front, unclosed distance and wave velocity is grasped. The application process of the
thermoacoustic coupling model is summarized. The results are as follows: (1) The accuracy range of wave velocity is 89.7% to
96.97% between J1 and J2 holes by the numerical model. (2) The reflection and refraction are obvious when ultrasonic waves
transmit from unfrozen soil to frozen soil. The average reflection and refraction coefficients are 0.278 and 1.278 between Ji and
Jaholes. (3) The concentration area of acoustic pressure appears near the interface between unfrozen and frozen soils, and the
sound field is inhomogeneous during early freezing period. Conversely, the sound field is homogeneous, and there is no
pressure concentration area. (4) The wave velocity increases with the increasing freezing time, while both the acoustic pressure
and the sound intensity increase first, then decrease as the freezing time increases. (5) Both the freezing front and the unclosed
distance increase with the increasing wave velocity, and they .
meet quadratic function relations, indicating that the correlation E4TH: EXARRSELFERLELSTH (51804157); EFREMRE

is very good. (6) The application process of the thermoacoustic FREGIH (51774183); + =TS H BRI (2016 YFC0600904)
WEsEHA: 2020 - 02 - 20

coupling model is summarized, which can achieve good effect N
ping ’ g *@fEEE (E-mail: 125701782@qq.com)
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on developing evaluation of frozen wall.

Key words: thermoacoustic coupling; heat conduction; absolute acoustic pressure; sound intensity; freezing front
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Table 2 Brine temperatures

I [/d g/ C I [/d g/ C
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Seismic performance levels of frame-type subway underground station with
three layers and three spans
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(1. Institute of Geotechnical Engineering, Nanjing Tech University, Nanjing 210009, China; 2. Beijing Research Institute of Uranium
Geology, Beijing 100029, China)

Abstract: According to the rules in the seismic code of China, six different site classifications are designed and expanded.
Considering the effects of diaphragm walls and input ground motion intensity, the dynamic damage characteristics, failure
process and seismic performance of subway underground stations with three layers and three spans are studied. The numerical
results show that when the magnitude of the interlayer displacement angle is close, the damage degree of the structure is the
smallest under the condition of the second-class site and the most serious under that of the fourth-class site. In case of large
earthquake and poor site conditions, the structure is in a state of serious damage for a period of time after the peak value of
input ground motion, and then it enters into a state of possible total destruction. Based on the calculated results, the prediction
formulas for the interlayer displacement angles and the structure-site stiffness ratio of the subway underground station structure
are established. Finally, according to the relationship between the seismic damage state and the interlayer displacement angles,
the seismic performance of subway underground stations is divided into five levels and described.

Key words: subway underground station; site classification; stiffness ratio of structure to soil foundation; interlayer

displacement angle; seismic performance
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Table 1 Different site classifications designed in this study
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Table 2 Site conditions of site classification III!
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3 &t 20.5 100 45 250
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8 bt 20.9 277 4.0 375
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Fig. 1 Finite elements of soil-underground structure interaction system
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Fig. 2 Relationship and fitting between interlayer displacement

angles and structure-soil stiffness ratio R
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Fig. 6 Seismic damages and interlayer displacement angles of subway underground station structure under four working conditions (Kobe)
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Table 3 Seismic performance levels of subway underground station structure and their description
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Seismic damage evaluation of CFRP-strengthened columns in subway stations

MA Chao', WANG Zuo-hu!, LU De-chun?, DU Xiu-1i?

(1. Beijing Advanced Innovation Center for Future Urban Design, Beijing University of Civil Engineering and Architecture, Beijing
102616, China; 2. Key Lab of Urban Security and Disaster Engineering, Ministry of Education, Beijing University of Technology, Beijing
100124, China)

Abstract: FRP, fiber reinforced plastics, can be used to improve the lateral deformation capacity of reinforced concrete
columns without remarkably changing their lateral stiffness. The intensity of seismic response of subway stations depends on
the relative stiffness between surrounding soils and structures. Therefore, when using the FRP-strengthed columns of subway
stations, the damage of columns can be decreased, but the seismic response of overall structures will not be influenced. The
experimental analysis is conducted to study the lateral stiffness and deformation capacity of reinforced concrete columns
strengthened by CFRP, i.e., carbon fiber-reinforced plastics. The test results are used to verify the reasonability of numerical
models, then the deformation properties of CFRP-strengthened columns under different axial forces are discussed using the
verified models. The 3D nonlinear time-domain explicit integration algorithim is employed to simulate the seismic response of
subway stations strengthened by CFPR, and the deformation behaviours of columns during earthquakes are analyzed. The
earthquake-induced damages of non-strengthened and CFRP-strengthened columns are evaluated by the improved Park-Ang
model. It is found that under the earthquakes with PGA of 0.3g~0.4g, the CFRP-strengthened columns in bottom storey are in
the easily repairable or repairable states, but the non-strengthened columns are in the difficultly repairable or irreparable states.

Key words: subway station; CFRP strengthening; seismic performance; seismic test; damage evaluation
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Table 1 Description of strata and corresponding material parameters
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Full-scale model tests and numerical investigations on bearing characteristics of
superimposed lining structures under external loads

LI Dai-mao', YAN Zhen-rui’, TANG Xin-wei®, MO Jian-hao®’, HUANG Hong-hao®, LIU Ting-jin®
(1. Guangdong Yuehai Pearl River Delta Water Supply Co., Ltd., Guangzhou 511458, China; 2. Guangdong Hydropower Planning and
Design Institute, Guangzhou 510635, China; 3. School of Civil Engineering and Transportation, South China University of Technology,
Guangzhou 510640, China)

Abstract: A full-scale mode test is proposed to study the transverse mechanical behaviors and deformation characteristics of
segment-self compacted concrete (SCC)-steel superimposed linings. The deformation and mechanical response laws of
composite lining structures under non-uniform external loads are revealed. Based on the 3D refined finite element model, the
influences of studs, lining types and lateral pressure coefficient on the bearing capacity of the structures are discussed. The
results show that the circumferential stress of the superimposed linings is lower than that of the separated ones under the action
of non-uniform external loads, and the superimposed lining structures present a ‘transverse ellipse’ deformation, and the
deformation laws are more clear with the increase of load amplitude and non-uniformity. The studs can effectively enhance the
interface performance of steel-SCC, but they have few effects on the circumferential stress of the structures.

Key words: water-conveying tunnel; superimposed lining; full-scale model test; transverse performance; numerical simulation
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Fig. 1 Diagram of steel lining structure
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Table 1 Measurement schemes
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Table 3 Mechanical parameters of interface
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Fig. 9 Circumferential stresses of superimposed lining structures

(1=0.57)
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Fig. 10 Circumferential stresses of linings without studs ( 1 =0.57)
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Table 4 Maximum circumferential stresses of linings (MPa)

A ) EH ScC W

NS R A S 5 A8 R Y 8 R 8 B S AN RS N

A=043 199 -2.98 2.46 -3.69 6.59 -14.21
A=0.57 131 227 0.84 -2.64 2,69 -11.74
A=0.71 0.71 -1.85 0.27 -2.10 — -9.68
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Contact stress and waterproof capacity of T-joint in shield tunnel

ZHOU Wen-feng', LIAO Shao-ming" 2, MEN Yan-qing®
(1. Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China; 2. Key Laboratory of Geotechnical and

Underground Engineering of Ministry of Education, Tongji University, Shanghai 200092, China; 3. Jinan Rail Transit Group Co., Ltd.,

Jinan 250014, China)

Abstract: For the waterproof safety of undersea shield tunnels with high water pressure, the contact stress and waterproof

capacity of T-joint are studied considering the background of Qiongzhou Strait Tunnel. Firstly, a fluid-solid coupling model for

the T-joint is established to reveal the distribution characteristics of gasket-gasket contact stress and the seepage pattern. Then, a

series of waterproof laboratory tests of the T-joint are conducted using the servo-type equipment developed independently to

obtain the critical water pressure of joint leakage. Thirdly, the formula for the critical water pressure of leakage varying with the

joint opening is derived based on the numerical data and the in-laboratory test results. The results show that the maximum value

of the average contact stress is located at the corner of the T-joint, and the average contact stress of the location 20 mm away

from the T-joint corner on the longitudinal seam is the lowest where the leakage is likely to occur. The seepage pattern is

consistent with the distribution of the average contact stress, and the seepage velocity is greater where the average contact stress

is lower. The critical water pressure of the T-joint is negatively related to the joint opening, and the joint opening should be

lower than 10 mm to ensure the long-term waterproof safety of the Qiongzhou Strait Tunnel. The maximum error of the

formula for the critical water pressure of leakage is 15.7%, meeting the accuracy requirements.

Key words: undersea shield tunnel; T-joint; waterproof safety; seepage pattern; contact stress
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Fig. 2 Sketch of fluid-solid coupling numerical model for T-joint
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Fig. 3 Sketch of T-joint structure
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Fig. 5 Curves of longitudinal distributions of average contact stress
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Experimental study on slabbing process of hard rock in deep tunnels

HU Xiao-chuan', SU Guo-shao" %, CHEN Guan-yan', YAN Liu-bin!, MEI Shi-ming'

(1. School of Civil and Architecture Engineering, Guangxi University, Nanning 530004, China; 2. Key Laboratory of Disaster Prevention
and Structural Safety of Ministry of Education, Guangxi University, Nanning 530004, China)

Abstract: Using the perforated granodiorite specimens, the slabbing of hard rock in deep tunnels is successfully reproduced.
The real-time monitoring system, optical microscope and acoustic emission (AE) system are used to investigate the slabbing
process, V-shaped slabbing band, micro-fracturing mechanism, characteristic stresses, fragments and crack characteristics. The
results indicate that the slabbing can be reproduced by the continuously loaded stress paths. The slabbing is mainly inoculated
in the region of compressive stress concentration. From a microscopic perspective, the extensile and dilatant cracks, generated
in the form of trans-granular cracking, continue to interact and coalesce and then intersect with the free surface at the angle of
33.42°~41.91°, forming a series of thin plates with the thickness between 101.38~120.9 pm near the potential V-shaped pits.
Subsequently, the plates continue to bulge outward, buckle and fracture, and finally form an approximately symmetrical
V-shaped band. In the early stage, the dominant frequency of AE is mainly concentrated in 260 ~ 340 kHz, and the amplitude is
mainly concentrated in 40~60 dB. This stage is mainly characterized by the cracks with high frequency, low amplitude and
small rupture. In the later stage, the AE with the low frequency of 25~75 kHz begins to appear, resulting in a signal distribution
from 25 to 350 kHz, and the AE with high amplitude larger than 80 dB appears. This stage is characterized by the appearance of
cracks with low frequency and high amplitude and the coexistence of cracks with low, medium and high frequencies and low,
medium and high amplitudes. In the medium stage, the cracks with the frequency and amplitude between the two are produced.

Key words: rock mechanics; deep tunnel; slabbing; physical experiment; acoustic emission
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New method to compensate for membrane compliance in dynamic triaxial
liquefaction tests on gravelly soils

WANG Luan"?, SUN Rui' 2, LIU Hui-da"*?, YUAN Xiao-ming' 2, WANG Yun-long"*
(1. Institute of Engineering Mechanics, China Earthquake Administration, Harbin 150080, China; 2. Key Laboratory of Earthquake Engineering
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Abstract: The membrane compliance has a significant effect on the results of the triaxial liquefaction tests. The compensation
method is one of the primary means to eliminate the impact of the membrane. The theoretical defects of the existing
compensation methods are analyzed and verified in the comparison tests, and the new principle and method for the
compensation of membrane compliance are proposed. Based on the large-scale dynamic triaxial liquefaction tests on the
gravelly soils with various gravel contents and the measurement of membrane penetration volume, the feasibility and reliability
of the new compensation method are verified by taking the modified pore pressure model, which can consider the membrane
compliance as a reference. The research shows that the existing compensation principle will lead to inadequate compensation,
which only uses the rebound water volume caused by the dynamic force as the total water supplement volume, and the new
compensation principle is more scientific and reasonable, considering the effect of membrane distributary. In the dynamic
triaxial liquefaction tests with different gravel contents and stresses, the results of the new method are consistent with the
theoretical ones, and the variation law is uniform. Compared with the existing compensation method, the new method does not
need repeated water replenishment and multiple approximations at a single compensation stage, and its operability is enhanced,
and the compensation effect is superior. It is suitable for the dynamic triaxial liquefaction tests on gravelly soils and provides a
new technical support for the dynamic characteristics tests on coarse-grained soils.

Key words: gravelly soil; membrane compliance; compensation method; calculation correction; liquefaction test
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Table 1 Basic parameters of soils and tests
2 FK dy dyy ds, TR WA BERER k4 CSR

/mm /mm /mm /% /mm /mm ToAME Ramana AL
SBC-G6S 0.43 0.95 13.6 65 300 2 0.075~02  0.1/0.15 0.1/0.15

(i) . . . . . 1/70. 1/0.
SBC-G80 0.8 5 25 80 300 2 0.125~025 0.1/0.15 0.1/0.15
SBC-G100 10 13 32 100 300 2 0.15~0.275 0.1/0.15  0.1/0.15
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Fig. 5 Gradation curves of gravelly soils
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Centrifugal model tests on sinking and seepage of a large deep-water open caisson

JIANG Bing-nan, MA Jian-lin, WANG Meng-ting, LI Shu-nan, ZHOU He-xiang
(School of Civil Engineering, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: Based on a largest deep-water open caisson, the centrifuge model tests simulate the seepage field caused by mud
suction during sinking when the caisson is buried more than 35 m deep. By comparing and analyzing the forces with the
measured data from the prototype caisson, the main characteristics are as follows: the distribution of the lateral pressure is small
at the step, the stress relaxes near the blade foot, and it concentrates in the upper and lower sections of the step, while it is more
obvious below the step. When the lateral resistance during sinking is greater than the heightening, according to the distribution
characteristics of lateral pressure, the method for calculating the side resistance in the vertical state of the caisson is given. The
analysis also shows that the seepage effect caused by the mud suction will make the soil at the lower section of side wall
become loose, and the lateral pressure is greatly reduced and negatively correlated with the seepage force. And may break the
stress balance of the caisson and cause gushing sand and sudden sinking. When sinking, the extrusion of side wall will cause
stress concentration and the increase of the excess pore water pressure. After sinking, the excess pore water pressure will
dissipate rapidly along the drainage path, and vertical consolidation of soil on the sidewall occurs, and part of the stress
concentration of soil caused by subsidence will slowly dissipate.

Key words: open caisson; centrifugal model test; seepage; lateral pressure
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Table 1 Similarity relation between centrifugal model and

prototype
LY/E sy FHALLEE Y/E sy FHALLEE
K 1:n PR 1:1
I 1:1 BN 1:1
IS 101 P R A 101
NiAR 101 L 121
i l:n ) 1:n?
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Fig. 1 Schematic diagram of open caisson model
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Table 2 Basic parameters of soil

RERA BRI N )

BESi/kPa FLERLL

WAEE/(KN-m?) BERFI0Y SHEEERH

bR 2.704 36.2 0

0.731 19.84 6.8 0.472

X0.7 m (@), IEMZERCEIEN, Hoi = KRR Y
DNEARR o WU 5 A R 8 ol P 194 i 28 O e A A
YEBZKARER,  CRAEP 5 JoVB /K 420, DT AEALa It iy
HUERERE R, AEEEIES. WG R
W, EARSHNE 2, RGO ESEWE 3 P,
TR AEAR N -25.6 mo JIFHBEALZE 90g N 45
RN 35~40 m, 5FEBUIHAEIZIMIR T ATk r) 3 5
T ESEAEED B KRR /N T 0.3 mm, W] 2B
RN R, IRIGIE AT, YOG AR R
FE29 3 mm AN JEERS, R Lo BRI,
RZIEER S em, FHTBIERMINE 5L 10 em,
JERE 1 em WEDE, HKEHRN 10~14cm, HED L
ARV EE (52 ecm), & 2 Fis.

=3 RERA L EENSHE

Table 3 Geophysical parameters of soil of prototype caisson

TEg LE N L MIBERH by 2 AR
5 K e(C) HHE{H /kPa /m
1 4w 42.1 0.65 15 -34.3
2 M 36.4 0.79 15 -48.8
3 Hw 36.4 0.73 18 -65.0
4 4w 37.1 0.69 18 -70.1
5 HRb 36.6 0.49 22 ~74.5
6 40.8 0.50 22 -81.1
7 4R 41.0 0.59 20 -93.9
8 fEb 39.3 0.64 25 -102.3
9 4w 36.6 0.61 22 -114.0

VISR SHER

70

52

R AL om
2 HAIIEAH &
Fig. 2 Test soil in model box
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Fig. 3 Seepage system
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Fig. 5 Variation of effective stress at measuring points with time
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Fig. 6 Difference of lateral pressure between resting state of model

tests and theory of static earth pressure
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Fig. 7 Influences of seepage on lateral pressure
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Fig. 8 Schematic diagram of gushing sand and sudden sinking

caused by seepage force
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Fig. 9 Comparison of different states of open caisson
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Fig. 10 Comparison of prototype and model tests on lateral

pressure during sinking
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Fig. 13 Dissipation of stress concentration over time
I8 7] HE A AT R 2 5 A T ] 46 il 2 U
i, WEFREAFAE—EBRR, (HN A )
NPT, 5K S5E LRI R AE TR
Himd bt (5SEERSEM, mK 14
Fios, SHUOF PO, fUES B — e i R
Ko TIBPE LSS INE K, N 14 kPa, ~FIHNE
4 8.8 kPa.

R=100-81.1¢-1/53

Do A7 TR /%

TUE S ERE 2 kP
=30 =35 —40 —A45 =50 =55 —60
0 T T T T T 1
st —=— FUUR
ol —s— TUUs

—e— Btk

15

=

¥ 20

#
25+
30
35
40 -

14 TREIEFLEZEK
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Fig. 16 Stress dissipation of prototype caisson during heightening
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Case study of tunneling-induced settlement and damage of masonry buildings

CHEN Ren-peng'-?, ZENG Wei'" %, WU Huai-na' 2, WU Wen-bin®, LIU Qi-jian'?
(1. Key Laboratory of Building Safety and Energy Efficiency,Ministry of Education, Changsha 410082, China; 2. College of Civil

Engineering, Hunan University, Changsha 410082; 3. Guangxi Communications Design Group Co., Ltd., Nanning 530029, China)
Abstract: The excessive deformation caused by shield tunneling can easily lead to deformation and cracking of the above
sensitive structures. A masonry building orthogonally under-passed by metro shield tunnels is studied. Through systematic
settlement monitoring and comprehensive inspection of the building, the tunneling-induced settlements and crack development
of the building are obtained. A finite element model is established to study the interaction of the building and the soils. By
comparing the principal tensile strain and the measured crack distribution of the wall, it is found that when the principal tensile
strain exceeds 0.05%, cracks will occur in the wall area and the development angle of the wall crack is perpendicular to the
direction of the principal tensile strain there. Finally, the damage degree and level of the building are discussed according to the
maximum principal tensile strain of the wall. The case study of masonry building damage caused by shield tunneling is of
certain guiding and reference values for protection of masonry buildings during subway construction.

Key words: shield tunnel; masonry building; damage assessment; finite element model
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Table 1 Physical and mechanical parameters of soils
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Table 2 Parameters of fitting settlement curves
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Fig. 3 Crack statistics of internal wall
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Table 3 Corresponding relations between damage level and description
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Fig. 4 Settlements of external walls and cracks of internal walls
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Table 4 Physical and mechanical parameters of model soils
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Fig. 6 Comparison between settlements of external walls and FEM

results
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Model tests on stress and deformation properties of composite foundation with
controllable rigid piles and drainage bodies

ZHOU Zhi-jun', CHEN Chang-fu®, XIAO Shui-qiang®

(1. School of Civil Engineering and Architecture, Wuyi University, Jiangmen 529020, China; 2. Institute of Geotechnical Engineering,

Hunan University, Changsha 410082, China; 3. Maoming Municipal Bureau of Transport, Maoming 525000, China)
Abstract: In a composite foundation, the deformations of piles and soils are affected by many factors. The cushion is difficult
to coordinate and match the differential settlement between all piles and soils. Therefore the piles often carry the excessive
loads and are destroyed, or the piles bear too small loads and are wasted. A new composite foundation composed of controllable
rigid piles and drainage bodies is proposed. The differential settlement between piles and soils is coordinated by the grouting
device at the top of piles in the composite foundation, rigid piles hardly carry the upper loads before grouting, and the
foundation soils are fully consolidated and their bearing capacity is improved. After grouting, the rigid piles begin to support
the loads, and the piles and soils work together to share the loads and to control settlement. The stress and deformation
properties of the composite foundation are studied through indoor model tests. The results show that the settlement of the new
composite foundation mainly increases before grouting and is effectively controlled after grouting. Moreover, the new
composite foundation can effectively reduce the differential settlement. The load pressure shared by the cover plate on piles is
less than that shared by the soils between piles before grouting, and the pressure shared by the cover plate increases rapidly
after grouting, while that by the soils between piles decreases correspondingly. The bearing capacity of rigid piles can be
controlled by grouting.

Key words: composite foundation; stress and deformation; rigid pile; drainage body; model test
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Fig. 1 Schematic diagram of new composite foundation

WS AN TAE R OFEERKAT, BRIRE
PP, MRS EARTEIE T, 2R mHK
AR 38 2 2 A [ 45 00 R s WP T R AR TR
FEBRSEAN LSRRI, AT A RS BN,
B, FEVEIRAET, WIPEMERA EAVKIH EAATE, Bt
ML PRI HEK [ S5 T S e AR 3 . @R e RSB
WEENR, HARERNEE, ERRERE, NS
B SBUB A S, WIVERETT a6 A5 A AR
5 A AL R R H BT

WG AW £ ORI AR AT HIHRK
I S5 LR 2 WIPEAE R B0, AR HEK [ 45 J5 7K 3
T, AR WITEE & @NIVEREFEE IR 5 R 4%
AR, KB ILFERBORES,  HRIPEAE TR
TN, A R 2 A R TR

2 ERERERE
2.1 =B

FERFE RS A 500 cm () X200 ecm (55D X 150
em (D, W 2, BEASFEO R N3, BEvT
PN AR S AR R BEER T, AR TR AR 1) % B B
ARRGE WL, AR R TR, IR AT, Y
FEARLIE 7 K R AN IR 7K RS

[ 2 REUTE=YENLE
Fig. 2 Three-dimensional diagram of model box
2.2 MELRERIRIEAR
BRI R AR, EEVELE, B 50



2310 =

+ T B % ik

2020 4F

=1 MR MEIRE T IR HF R

Table 1 Physical and mechanical indexes of foundation and embankment

+Z 7/(KN-m ) wl % ce/kPa Pl () Es /MPa kn B ky/(107cm s ™)
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Table 2 Additional pressures at base center generated by

embankment and overloading

H+ JEFE fRFR VEE="2 (5 B0 s /3 /kPa
) /em /m? /KN R TR

F1E 10 0.5303 10.023 1.890 1.790
F2FE 10 0.4702 8.887 1.890 1.587
F3E 10 0.4100 7.749 1.890 1.384
F4F 20 0.6400 12.096 3.780 2.160
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Fig. 11 Loads on embankment top
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Table 3 Comparison of settlements at center of embankment
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Development and preliminary application of a microfriction load-transfer
plate for triaxial tests in geotechnical engineering

WANG Yan-li, CHENG Zhan-lin, PAN Jia-jun, XU Han, WANG Jun-xiong

(Key Laboratory of Geotechnical Mechanics and Engineering of the Ministry of Water Resources, Yangtze River Scientific Research

Institute, Wuhan 430010, China)
Abstract: In order to solve the problem of end restraint in triaxial tests on coarse-grained soils, based on a new friction
reduction method in which the contact between soils and loading plates is changed from the integral contact to the distributed
one and the sliding friction to the rolling one, a load-transfer plate with microfriction loads for triaxial compression tests in
geotechnical engineering is developed. The development idea, structural principle and detailed structure of the apparatus are
introduced, and the effects of the friction-reducing measures of the distributed contact instead of the integral one are further
demonstrated by numerical calculation. By use of this apparatus and a large-scale stress-strain triaxial apparatus, the
consolidated drainage triaxial shear tests on the conventional and end friction reduction of typical sand are carried out. The
strength and deformation characteristics of sand under normal end restraint and end free (micro-friction) are studied, and the
effects of end restraint on stress-strain characteristics of sand are analyzed. The results show that the end restraint is the basic
reason for the swelling of the specimen, the peak strength of the specimen is overestimated by the conventional test method, the
deviatoric stress-strain curve is softened easily, and the volumetric strain curve of the specimen shows more prominent
dilatancy. The apparatus effectively solves the problem of end restraint in triaxial tests and improves the accuracy of triaxial
tests.

Key words: microfriction load-transfer plate; triaxial test; integral contact; distributed contact; end restraint
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Constitutive model for effective stress based on logarithmic skeleton curve
considering reversible pore pressure

DONG Qing', ZHOU Zheng-hua', SU Jie!, LI Xiao-jun?, HAO Bing', LI Yuan-dong'
(1. College of Transportation Science & Engineering, Nanjing Tech University, Nanjing 210009, China; 2. College of Architecture and
Civil Engineering, Beijing University of Technology, Beijing 100124, China)

Abstract: The equivalent linearization method which is often used for seismic response analysis is difficult to simulate the
variation of the pore pressure of saturated sandy soil, and there are few constitutive models. Almost the existing constitutive
models for effective stress have not been verified by the observed records of strong motion in actual liquefiable sites. A
time-domain nonlinear constitutive model for effective stress which is used in the time-domain one-dimensional nonlinear
seismic response analysis of liquefiable sites with saturated sand is obtained based on the logarithmic dynamic skeleton curve,
Chen long-wei's hole pressure growth model and reversible overstatic pore water pressure. The constitutive model can
reasonably simulate the variation of pore pressure of saturated sand layer under the action of strong motion and the softening
characteristics of soils caused by the increase of pore pressure, and is also embedded in the program SoilresplD to realize the
dynamic response analysis of liquefiable soil layer sites. It can be seen from the comparison among the simulated results of
liquefiable site with saturated sand by the proposed time-domain nonlinear constitutive model for effective stress of and those
by Feng Wan-ling's pore pressure growth model and the strong ground motion records of the actual liquefiable sites that the
constitutive model for effective stress based on the logarithmic dynamic skeleton curve and the reversible overstatic pore water
pressure is feasible, and the numerical simulated results are reasonable. In addition, by the seismic response of the site with
saturated sand layers, the effects of liquefaction on the peak and the response spectra of ground acceleration and shear strength
of the saturated sand layers are analyzed, and the characteristics of influence are discussed.

Key words: logarithmic skeleton curve; reversible pore pressure; effective stress; liquefaction; stress-strain relationship
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responses of two constitutive models for effective stress
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Evolution law of particle breakage of coarse-grained soil during
triaxial shearing
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Abstract: Accurate prediction of the evolution law of particle breakage during loading process is of great significance to
building the constitutive model for coarse-grained soil. The reasonable definition and accurate calculation of particle breakage
indices are the guarantee to exactly study the evolution law of particle breakage during loading process. The fractal breakage
index of Einav is introduced and considered as the most suitable one to compare and evaluate the breakage degree of
coarse-grained soil among breakage indices. It is realized to accurately calculate the fractal breakage index by replacing fractal
gradation equation with the gradation equation for continuous gradation soil. On this basis, the evolution law of particle
breakage of coarse-grained soil is studied by selecting the experimental data in the existing literatures. A mathematical model is

established to describe the relationship among particle breakage indices, shear strain and average normal stress during triaxial
shearing, and the applicability of this model is validated.

Key words: coarse-grained soil; triaxial shearing; particle breakage; gradation equation; evolution law
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Table 1 Test data of particle breakage during triaxial shearing

FlE/kPa  BINA g /%  SFHIER ) p/kPa Be/%
0 0 0 0
500 1.87 1242 8.7
500 4.56 1422 11.1
500 8.44 1494 15.0
500 12.49 1469 15.3
500 16.01 1420 14.0
1000 1.75 2046 9.9
1000 4.60 2343 13.9
1000 7.20 2552 18.2
1000 10.66 2534 15.1
1000 15.19 2621 23.4
1500 1.90 2760 11.2
1500 7.34 3504 21.9
1500 9.31 3596 222
1500 12.47 3543 25.6
1500 14.35 3602 27.6
2000 1.85 3336 10.9
2000 4.55 4064 17.7
2000 7.26 4484 22.0
2000 10.75 4653 26.7
2000 13.76 4619 29.8
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Table 2 Test data of particle breakage of coarse-grained soil B

HlE/KkPa BIRA g /%  FIYIERN I p/kPa Be/%
0 0 0 0
200 4.41 570 10.6
200 9.95 580 14.4
200 13.40 560 15.6
500 3.37 1140 11.6
500 7.53 1300 18.7
500 14.30 1320 23.1
1000 2.60 1800 12.2
1000 8.56 2370 26.0
1000 15.20 2480 32.1
1500 1.63 2160 13.2
1500 5.34 3010 30.2
1500 16.30 3570 41.4
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Microscopic mechanism of permeability of coral sand

CUI Xiang" 2, ZHU Chang-qi', HU Ming-jian', WANG Ren', LIU Hai-feng'

(1. State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of

Sciences, Wuhan 430071, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China)
Abstract: Coral sand is a kind of special marine soil. The special material source and formation process lead to the difference
of hydrophysical properties between coral sand and terrestrial sand. The coral sand and quartz sand are set as the control group.
Through a series of microscopic experiments, the reasons for the special properties of coral sand are quantitatively studied and
revealed. It is found that the microscopic factors leading to the particularity of coral sand include two aspects: particle surface
properties and particle shape properties. The surface properties of particles include particle electrification and surface
hydrophilicity. The particle electrification shows that quartz sand is more likely to aggregate and agglomerate than the coral
sand. The hydrophilicity of surface shows that the hydrophilicity of coral sand is worse than that of quartz sand. The shape
properties of particles include the overall shape of particles and the surface roughness of particles which show a piecewise rule.
When the particle size is less than 0.25 mm, the coral sand has relatively regular shape and smooth surface compared with the
quartz sand. When the particle size is 0.25~0.75 mm, the coral sand has relatively regular shape but rough surface compared
with the quartz sand. When the particle size =0.75 mm, the coral sand is relatively irregular in shape and rough in surface
compared with the quartz sand. Finally, the mechanism of the difference permeabilities between the coral sand and the quartz
sand is reasonably explained by the above microscopic conclusions, and the piecewise rules of the influences of particle
microscopic properties on the permeability of the coral sand are summarized.

Key words: coral sand; quartz sand; microscopic experiment; particle surface property; particle shape property
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Fig.1 Coral samples with single particle size
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Tablel Relationship between Zeta potential and system stability
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Table 3 Microscopic experiment schemes
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Table 4 Microscopic properties of coral sand particles
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Immersion effect of polyurethane-reinforced sand based on NMR

WANG Ying, LIU Jin, MA Xiao-fan, QI Chang-qing, LU Hong-ning

(School of Earth Sciences and Engineering, Hohai University, Nanjing 211000, China)
Abstract: In order to analyze the effect of immersion on polyurethane-solidified sand, the micro and strength characteristics of
reinforced sand after immersion are tested by NMR and unconfined compression tests. The results show that with the increase
of curing agent content, 7> spectra develop from a single peak to multiple peaks, and the amplitude area continues to increase.
The amplitude intensity and area increase with the increase of immersion time. With the increase of curing agent content and
immersion time, the total effective porosity increases, and the proportion of pore throat increases. With the increase of density,
the proportion of small pore throat increases, and the proportion of big pore throat decreases. With the increase of curing agent
content and immersion time, the more the bright spots in the NMR image of the sample section, the more the effective pores.
With the increase of the density, the bright spots in the NMR image change from continuous concentration to non-dispersive
state, and the macropores in the sample decrease and the micropores increase; and the strength decreases with the increase of
immersion time. The strength of reinforced sand with curing agent of 1% is the highest before immersion for 24 h. When the
content of curing agent is more than 2%, the strength increases with the increase of the content of curing agent. With the
increase of density, the strength keeps increasing after immersion. The microcosmic variation of solidified sand soil is tested by
NMR. The influences of water immersion on the microcosmic properties of polyurethane reinforced sand and the microcosmic
mechanism of the macroscopic strength properties are revealed.

Key words: solidified sand; immersion; low-field NMR; microscopic characteristic; imaging analysis

0 2 = PEIREE, T B E R T DU R i 36 R g
Wb R T GRS AR N RN, (H DXL R T RN E AR AR

Fiko ZERS R R AR, WS- R EATRRIER.

BUNGE, FEEE TS TR R, _

BRI, i R PR TR A iR, T b+ EEWE: EREREFEETH LHE (41877212)

IR . A5 AR R KR R 4 WHRRIR: 202001 - 07

SEE1EE (BE-mail: jinliu920@163.com)




12 * B/ %

B TR R S ZA R ALY H3RKAE 2 B 2343

EER, BEEMNMIARE NS, —L5 2R
FER ZRAE AR T A} T 72 328 3 P 81 = A [
LB o R AR R BT T E e
e AR SR BB 77 A — R AW AE I, AN AT A
BRI AR Z IR ST, R m g am o), i
SEUITOPS CA ML 7 7657 A 438 i A0 750 i Ak
JERD T BB RHEAT SR B RFAEREAT T WEFE, RHIOPS
T[] A 7RI DA 34 B 2 R P I 4 o LR
LiuE B FC 1 15 731 [0 510 [ e 222 18 - it of
TR, AF TSR W i 20 [ 0570 T AT R i R =
Wb BT RIE,  ELOT R RE B T AR
(RIS T B2 e o Lee S5 URKE 3 IR A= W ver R Tt 2k
oy 1] 1 PR B 7w NSO WA R 52 ST D P S S
WETCERRY, w7 R AW Rk R ARG AN
SRIE. BRILZAL, — i iE i O N Jn AR AL
IR 25 ARV AR AN 8RO BK R A OME 7T
YRR A [ A 95T R B iR R R A ) 5
M, A ] A R T5T 470 9 I 1 i 8 484 T v sk
N, HAE KRG Rl LR PTEERE I R K .
Cai ZEMBEFE 1 i PEM ok b 5 by A2 TR IR 51
T IAERFE AR, RUITHBIEAR AL 5 AL
BRI H B, Hrp RS ALARRL RN FLAR
BURVNLARFR A AN R FEEE AR, i rh fLAR AR A
AN FIFEE RN o

P b BB I 1 AN F AN )5 A AE 2
RURFEZR I, 17 AR IO R AR TR 2 T AR B9
BIEEERE o XU 2 AT S DOM 2 S A R 5%
TARBIORSE A, AT DB 5 21 A Py F R FLRR 45
W ST, EHIEE F HERIR, ARAEXS T4
BARBATIE . IR, A EARIIR I B
HAEAEM. M. WaMLmEm, Lok
MR T HAARO SE R P e 2 rpl> ], e a o)
R REIAIRBAS A [FIR I I 18] (R e A 8 0 3t
AT, BTTC T HEREIE e U KA 40U 45 44 453 £
TACRFAE o K1 55 i S 07036 T o0 B = Jal [ 45 N HEZK PR 4R
THATRRIRIRS, 0 TR R b AR LR
KA ARG ANSLBRE A S BRACRFAL . LIS SR AR
LB FEARB AT A 7] L ARAE R BRI 5 1 T
T2 T AF L ARLERRLEIA 5 FLBR S AR, %
R EOVE L R A g, PR T SR K
(AL A AT P SRR Je 45 0 AR ARt . B3
W SEROLR R SRR, XANRINC EE K B38.
IRANGIREIR T A IRAHoy JRE IR + 70 34 36 1 ] A 5 = F)
WU AEHEAT 73 AW 7E,  BIF 0 F R AR W RUREL 18] ) 2 45 1
DU LR A RE MRz KT FLBRARFAIL o

R By — R R s e, AT

BN AN, PRI R AR ] 4 = e
I FE A L ASCRAMRI SRR,
xS M v 731 [ AR AR 3R KR R ROV AR AR AT
SREERFVEHEATIETT, 20T 7 INAS [ B AL R R
HAEIRKA I A5 ) T B LM AT S5 RHE,
R R HEI AR AR B 73R KA [FJ e 18] F [ 4 i £
P AR FLBR 0 A RFAE - 5 R P JC I BR 47T s 55 P X 6 0ot
B A A AT SRR, W RER AT AN [
TARBR IR O 5 SR B RS R > M SR — e 1 2
%o

1 RIS T
1.1 Xy

RIS R LI E TR LT X, kAR A
e 1 pos, B LMPEEir g | s, K5
Hh I B [ A AA R S SR R B v o T IR (X
W 2, NEEOERAAR, S5KA]LLDUE R )
W, REEEEAGTE ISR Lk, BE KR,
A CAFERDRL 2 [R) ) R — 58 55 1) e 23 [
REABEE = FEAFIVEA R S5 BN 118
glem®, FHFEN 650~700 mPa-s, & E N 85%, WElH
5} 1] 4 300~1800 s

& 70|

j}'éao
s S0t
4(%140-
30
ﬁZO_ .
% 10F
0 1 1

]
0.01 0.1 1 10
B K/NMmm

B 1 KRS L

Fig. 1 Grain-size distribution curve

CHS (0] CH3
HO L
NCO N—L-0"™—0-0 g NCO
n

E 2 REERASSTFEHFILER
Fig. 2 Chemical formula of polyurethane polymer
x1 ULHESH

Table 1 Physical parameters of sand
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Table 3 Compressive strengths of reinforced sand after immersion
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Fig. 10 Water contents of reinforced sand after immersion
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Fig. 11 Compressive strengths of reinforced sand after immersion
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------------------------------------------------ ZHOU Chun-hua, LI Yun-an, YIN Jian-min, WANG Yang, ZHOU Chao, GUO Xi-feng (457)
DEM simulation of instability mode in sand under constant shear drained conditions ~ ****** LIU Yang, FAN Meng, YAN Zhou-yi (467)
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Application of displacement multi-point constraint refinement method in simulation of concrete-faced rockfill dams — «eceeeveeecereeees
...................................................... WEI Kuang-min, CHEN Sheng-shui, LI Guo-ying, MI Zhan-kuan, FU Zhong-zhi (616)
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............................................................ LIU Wen_b(), ZHANG Shu_guang7 CHEN Lel, SUN BO'yi, LU Plng—plng( 1696)
Influences of soluble salt content on mechanical properties of Ili undisturbed loess — srereseereresrereseereseersreccriceericieicicceeeee.
......................................................... NIU Ll-Sl, ZHANG Ai_jun’ ZHAO Jia_min7 WANG Y'u_guo7 ZHAO ang_yu ( 1705)
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Particle size correlation of deformation parameters for rockfill materials = ceesesesreseeeeeseeceecees SHAO Xiao-quan, CHI Shi-chun (1715)
Mechanical properties and generalized Duncan-Chang model for granite residual soils using borehole shear tests — =seeseeseseeceeses
................................................................................................ AN Ran, KONG Ling-wei, ZHANG Xian-wei (1723)

Horizontal transient response analysis of single pile considering local separation of pile and soil =~ «=seseererereseererececececeieceecees
........................................................................ DING Zhao-wei, SONG Chun-yu, CHEN Long-zhu, SUN Hong (1733)

Theoretical analysis and physical modeling of stone columns-improved ground under shaking loading —ceceecesecreseereececececeeces
.............................................................................. LIU Kai, ZHOU Yan-guo, SUN Zheng-bo, CHEN Yun-min (1742)

Anisotropic elastoplastic constitutive model based on microstructure tensor and its engineering application = «sesessersesrereeeeceees
------------------------------------------------ YIN Da, MENG Qing-xiang, XU Jian-rong, SHI An-chi, WU Guan-ye, XU Wei-ya(1751)

NOTES

Finite difference method for space-fractional seepage process in unsaturated o1l — sereresererererererererrecericieicicicirirerrieeeee.
......................................................... WANG Rui, ZHOU Hong-wei, ZHUO Zhuang, XUE Dong-jie, YANG Shuai(1759)

Effects of particle shape on mechanical performance of sand with 3D printed soil analog —cr=ecereserereserereeeenersceciceceaneciceeee.

.................................................................. KANG Xin7 CHEN Zhi-Xin, LEI Hang7 HU Li_ming7 CHEN Ren_peng( 1564)
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Simulation and experiment on cutting reinforced concrete with jet combined shield method — «ererererererererereceeecececeicereeeeeee.
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.................................................................. ZHANG Chang-guang, GAO Ben-xian, SHAN Ye-peng, LI Zong-hui (1825)
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Simplified method for determination of thickness of composite liners based on contaminant breakthrough time  =recececerecereceeees
......................................................... ZHANG Chun-hua, WU Jia-wei, CHEN Yun, XIE Hai-jian, CHEN Yun-min (1841)
Mechanism of energy adjustment and balance of rock masses near a deep circular tunnel —eececeerresrerersreeerereeceicieicireeeeee.
........................................................................... CHEN Hao-xiang, WANG Ming-yang, QI Cheng-zhi, LI Jie (1849)
Shaking table test on liquefaction characteristics of foundation around a complicated subway station with diaphragm walls ~ «****
................................................... WANG Jian-ning, YANG Jing, ZHUANG Hai-yang, FU Ji-sai, DOU Yuan-ming ( 1858)
Application of orthogonal-contour method in calibration of microscopic parameters of rockfill materials —creeererererererececececees
.................................................................. WANG Jin-wei, CHI Shi-chun, SHAO Xiao-quan, ZHAO Fei-xiang (1867)

Simulation Of normal fault I'upture and ltS impact on mountain tunnels .....................................................................
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............................................................... WANG Zhen, ZHONG Zi-lan, ZHAO Mi, DU Xiu-li, HUANG Jing—qi( 1876)
Mechanism of inter-particle friction effect on 3D mechanical response of granular materials ««esesesereeeresreeceerseerecaneeiceeceeees
..................................................................... YANG Shu-han, ZHOU Wei, MA Gang, LIU Jia-ying, QI Tian-qi (1885)
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............................................................... LI Hao, TANG Chao-sheng, LIU Bo, LU Chao, CHENG Qing, SHI Bin (1931)
NOTES
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..................................................................... QING Zhi-guang, YUAN Xiao-ming, NIU Ben, CAO Zhen-zhong (1940)
Experimental study on shear mechanical properties of soil-rock mixture-bedrock interface —crerecerereserereeereereececeiecerceeeiieeeeee.
............................................................... YANG Zhong-ping, JIANG Yuan-wen, LI Shi-gi, LI Jin, HU Yuan-xin (1947)
Strength and leaching performances of stabilized/solidified (S/S) and ground improved (GI) contaminated site soils =~ «=+=cereeeeeee
........................................................................................................................ WANG Fei, XU Wang-qi (1955)
Experimental study on acoustic waves of different types of debris flow using generalized S transform — ceecececeererecrecececeecceecees
.............................................................................. HU Zhi-hua, HU Yu-hao, MA Dong-tao, YUAN Lu, LI Mei (1962)
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Hydraulic mechanism and swelling deformation theory of expansive soils =~ cssessesrereesreseereseeseerescaneeiciseaiceceeee XU Yong-fu(1979)
Experimental study on fully softened shear strength of eXpansive SOil  +++++++sssssssssssssessssuenimiiittiinteie st
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......................................................... ZHANG Shu-kun, WANG Lai-gui, LU Lu, WANG Shu-da, FENG Dian-zhi(2015)
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An unfunctional case of vertical drains-reinforced soft foundation =~ =++«+=*=+2+ CHANG Ta-Teh, WANG Chwen-Huan, FANG Li (2034)
Stress and deformation analysis of geosynthetic-encased stone columns based on symplectic system — seececeseceseeececeeececceceeees
.................................................................................... ZHANG Ling, ZHANG Xu-bo, XU Ze-yu, OU Qiang (2040)
Regulating effect of detonator location in blast-holes on transmission of explosion energy in rock blasting —ceeeceeseserererececececees
----------------------------- GAO Qi-dong, LU Wen-bo, LENG Zhen-dong, WANG Ya-qiong, SUN Peng-chang, CHEN Ming (2050)
Hydro-mechanical coupling bounding surface model for unsaturated soils considering bonding effect of particles =~ «-ceseceeeeeeees
.............................................................................. HAN Bo-wen, CAI Guo-qing, LI Jian, ZHAO Cheng-gang (2059)
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Canister spacing in a high level radioactive nuclear waste repository based on heat conduction — «=«sesrerereeerersererreccrecceees
............................................................................................. ZHOU Xiang—yun, SUN De-an, LIN Yu—liang (2069)
Seismic response and damage mechanism of lining structures for underground tunnels across fault = cececeeeeeerereeerererececceceneee.
................................................................................................ YANG Bu-yun, CHEN Jun-tao, XIAO Ming (2078)
Influences of normal fault dislocation on response of surrounding rock and lining system based on discrete-continuous coupling
Simulation ceceereeererereeerersneririiitiiiiieiiiee. MA Ya-lina, CUI Zhen, SHENG Qian, ZHOU Guang-xin, WANG Tian-giang (2088)
NeW method fOr introducing gradient stress intO I‘OCk-bul‘St prediction ........................................................................
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.................................................................. JIANG Yan-bin, HE Ning, WANG Zhang—chun, HE Bin, QIAN Ya—jun (2106)
Model tests on effect of bonded steel plate reinforcement of shield tunnels under different deformation conditions =~ «e+eseeeecececeees
...................................................... LIU Xue—zeng, LAI Hao-ran, SANG Yun-long, DUAN Jun—ming, DING Shuang (2115)

NOTES
Experimental study on creep properties of coral sand — -==+==reeseereeceeres LI Xiao-mei, WANG Fang, HAN Lin, GUAN Yun-fei (2124)
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--------------------- ZHAO Kui, YANG Dao-xue, ZENG Peng, DING Jian-hua, GONG Cong, WANG Xiao-jun, ZHONG Wen (2189)
Experimental research on behaviors of geogrid-encased stone column-improved composite foundation under cyclic loads — «=«+-=-**
................................................................................................ ZHANG Ling, XU Ze-yu, ZHAO Ming-hua (2198)
Model tests on stability and ultimate support pressure of shield tunnelin sand-gravel composite stratum «+eseseseceseeececneceeeeecees
............................................................................................. SONG Yang, WANG Wei-yi, DU Chun-sheng(2206)
Mechanism and simulation experiment of slip-type rock bursts triggered by impact disturbances —«eceeseesrerersrecerererecareceeceees
......................................................... DENG Shu-xin, WANG Ming-yang, LI Jie, ZHANG Guo-kai, WANG Zhen (2215)
Multiscale analyses of failure pattern transition in high-porosity sandstones —seceseseresesrsesrerersrecersrecericieicicicicriccececees
.............................................................................. WU Huan-ran, LIU Han-long, ZHAO Ji-dong, XIAO Yang (2222)
Response characteristics of sound fields of stratum frozen wall of water-rich sand during developing process —«eseresesererereeececees
""""""""""""""""""""""""" ZHANG Ji-wei, LIU Shu-jie, ZHANG Song, LI Fang-zheng, HAN Yu-fu, WANG Lei (2230)
Seismic performance levels of frame-type subway underground station with three layers and three spans — «cecececererececereeeceees
......................................................... YANG Jing, YUN Long, ZHUANG Hai-yang, REN Jia-wei, CHEN Wen-bin (2240)
Seismic damage evaluation of CFRP-strengthened columns in SUbway Stations  ++++++++ssssssssssssssssesissssssaisinsiatissietiesieneas
....................................................................................... MA Chao, WANG Zuo-hu, LU De-chun, DU Xiu-li (2249)
Full-scale model tests and numerical investigations on bearing characteristics of superimposed lining structures under external loads
""""""""""""""""""" LI Dai-mao, YAN Zhen-rui, TANG Xin-wei, MO Jian-hao, HUANG Hong-hao, LIU Ting-jin(2257)
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Contact stress and waterproof capacity of T-joint in shield tunnel = «+++-+ ZHOU Wen-feng, LIAO Shao-ming, MEN Yan-qing (2264)
Experimental study on slabbing process of hard rock in deep tunnels «++++s+++ssssssessesssssssississstiisintiisinsieinsieneas
...................................................... HU Xiao-chuan, SU Guo-shao, CHEN Guan-yan, YAN Liu-bin, MEI Shi-ming (2271)
New method to compensate for membrane compliance in dynamic triaxial liquefaction tests on gravelly soils — «seseceerereceececeeces
............................................................ WANG Luan, SUN Rui, LIU Hui-da, YUAN Xiao-ming, WANG Yun-long (2281)
Centrifugal model tests on sinking and seepage of a large deep-water Open CaiSson «esesrereresresesreresrrececterctstitctitncretcecees
"""""""""""""""""""""""""""""" JIANG Bing-nan, MA Jian-lin, WANG Meng-ting, LI Shu-nan, ZHOU He-xiang (2291)
NOTES
Case study of tunneling-induced settlement and damage of Masonry buildings —«++s+++++++ssssesssssssessesuenssainsiniiissinisiaiannas
.................................................................. CHEN Ren-peng, ZENG Wei, WU Huai-na, WU Wen-bin, LIU Qi-jian(2301)
Model tests on stress and deformation properties of composite foundation with controllable rigid piles and drainage bodies «*+--
....................................................................................... ZHOU Zhi-jun, CHEN Chang-fu, XIAO Shui-qiang(2308)
Development and preliminary application of a microfriction load-transfer plate for triaxial tests in geotechnical engineering  ***+**
......................................................... WANG Yan-li, CHENG Zhan-lin, PAN Jia-jun, XU Han, WANG Jun-xiong (2316)
Constitutive model for effective stress based on logarithmic skeleton curve considering reversible pore pressure =~ cecececeseceseeececes
...................................................... DONG Qing, ZHOU Zheng-hua, SU Jie, LI Xiao-jun, HAO Bing, LI Yuan-dong (2322)
Evolution law of particle breakage of coarse-grained soil during triaxial shearing —«ccececeseeresrerrecreccecrscicicireceiciieiccnceee.
....................................................................................... WU Er-lu, ZHU Jun-gao, HUANG Wei, LIU Zhong (2330)
Microscopic mechanism of permeability of coral sand - CUI Xiang, ZHU Chang-qi, HU Ming-jian, WANG Ren, LIU Hai-feng(2336)
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..................................................................... WANG Ying, LIU Jin, MA Xiao-fan, QI Chang-qing, LU Hong-ning(2342)
DISCUSSIONS
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....................................................................................................................................... XIAO Hong-ju(2350)
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