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Method and application of deformation control of excavations in soft ground

ZHENG Gang
(1. School of Civil Engineering, Tianjin University, Tianjin 300072, China; 2. Key Laboratory of Coast Civil Structure Safety, Ministry of

Education(Tianjin University); 3. State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin

300072, China)

Abstract: The main task of excavations in soft ground is the deformation control, which is closely rated to their safety and
environmental impact. With the increase of the buildings and structures in the urban areas, the construction-induced
deformation has become the focus of the excavations. The characteristics, mechanism and environmental impact of the
deformation caused by each excavation phase are analyzed in a view of the whole-process control. Furthermore, the control
methods for the deformation and environmental impact of the excavations are classified into two types, i.e., the control based on
the retaining system of the excavations and that based on the protected objects adjacent to them. For the latter type, the active
control theory is proposed focusing on the deformation of the protected objects instead of the retaining system. This active
targeting technology integrated with the measurement and control for the protected objects is realized by controlling the stress
and deformation of the key zone. Finally, the strut-free retaining theory is proposed and a series of strut-free retaining
technologies are developed for the excavations in soft ground. The design of strut-free retaining for the excavations with
relatively large depth can be realized using these technologies. The theories and applications of the whole-process control, the
active control and the strut-free retaining system promote the deformation control of the excavations towards the efficient,
intelligent, green and low-carbon aim.

Key words: excavation; deformation control; whole process;
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Fig. 20 Comparison of ground surface deformations under

different lateral deformation modes of retaining wall
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Fig. 21 Comparison of ground deformations behind retaining wall

under different lateral deformation models of retaining wall
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Fig. 24 Variation of maximum tensile strain of longitudinal wall
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Fig. 26 Deformations of tunnels at different locations caused by convex deformation of retaining structures
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Fig. 27 Influenced zones determined by different profiles of
deflection of retaining structures
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Fig. 28 Settlements and dislocation of tunnel segments induced by

leakage of water and soils
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Fig. 29 Model tests with multiple leakage points
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Fig. 30 Simulation test for two leakage points under tunnel
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Fig. 31 Results of two-leakage-point tests with different spacings
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Fig. 38 Plan of zoned excavation of 3rd stage excavation
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1st and 2nd stages of excavation
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Fig. 40 Key soil zone to control deformation of structures to be

protected
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displacement of soils
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Fig. 44 Field tests on effects of TAM grouting on control of

deformation of tunnels
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Fig. 46 Plan view of grouting program and grouting holes
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displacement of tunnels caused by TAM grouting
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Fig. 49 Horizontal displacements of tunnel before and after 4
times of TAM grouting for case 4
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Fig. 51 Horizontal displacements due to TAM grouting in

stratified soils in Zhuhai
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Fig. 55 Field tests on lateral deformation of piles due to capsule
expansion
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Fig. 56 Plan and profile of field test tunnel and excavation
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Fig. 59 Settlement control by recharge of artesian aquifer
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Fig. 61 Variation of water level in aquifer due to recharge of
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Fig. 63 Retaining walls with earth berm
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Fig. 65 FEM model for double-row retaining piles
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Fig. 66 Types of multi-level retaining excavations
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Fig. 67 Case histories of multi-level retaining excavations
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Fig. 68 Failure modes of multi-level retaining excavations

] 60 411 T ST SRR I R 58
AP H 5 S A (B Hy
H=1) B, WU, SCBOR BB S 5 B )
WA, AFLETIANG S0 o BPRRER ek A
NFRERBIRHG B AR R BRI G By, ),
ST SRR A A 5 BB 19 B (TR A 43 85 0k
R T (B, ), ELPEANIG g B R IE 4 5
LA %, LRI, By, A1 B, , MR,
P ISR, T (A A TR IS e
RT3 BE0E B

35

—0—,=10z
—o— y=1843.52
3.0r —A— =254z
w35 By
)
Y 2.0
N
&l 15F

% %0 40 W 60 70
IS A8 B/m

69 ZH/IIP 3 MMIMER S SRIFRERR

Fig. 69 Failure modes of multi-level retaining excavations with
respect to width
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Fig. 71 Model tests on inclined retaining piles in sand
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Fig. 72 Wall deformation of vertical wall for different retaining
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Fig. 73 Strut-free inclined retaining structures
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Mechanism and new calculation method for bearing capacity of foundations

SONG Er-xiang, FU Hao, LI Xian-jie
(Department of Civil Engineering, Tsinghua University, Beijing 100084, China)
Abstract: The calculation of bearing capacity of foundations is a fundamental topic in soil mechanics. However, the
contribution of the unit weight of the foundation soil to the bearing capacity cannot yet be satisfactorily calculated. The
fundamental reason is that this part of bearing capacity is actually not independent, and consequently cannot be calculated
separately. In order to study the mechanism of foundation bearing capacity and the relevant theory thoroughly, it is first
revealed that the surcharge load corresponding to footing embedment and the unit weight of the foundation soil, multiplied by
the soil strength parameter tan ¢ , can be treated respectively as the equivalent cohesion and the rate of cohesion increase along
depth. Then a new method is developed for the general failure mode of strip footing under non-eccentric vertical loads. In this
new method a non-dimensional parameter is defined to well reflect the influences of the soil strength and soil weight on the
bearing capacity, and based on which a unified formula for the calculation of bearing capacity is established, in which the soil
strength, the embedment depth of the footing and the soil weight are all considered as closely related elements. For the bearing
capacity of foundation under other more complicated conditions, such as failure in local mode, different footing shapes, inclined
loads etc., the available methods of treatment can be still applied in combination with the newly developed formula. Careful
comparison with the refined numerical calculations proves the reliability and high accuracy of the proposed formula, and at the
same time it proves the rationality and correctness of the whole idea as well as the constructed non-dimensional parameter.
Besides, comparisons are also made with the formulas by Terzaghi and Hansen to show the significant improvement of the

proposed method over the formers.

Key words: bearing capacity of foundation; unified formula; Terzaghi formula; Hansen formula
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Table 1 Verification of equivalence between y and the rate of cohesion increase with depth under rough footings

A o c y B q 15 A% IR & /m L KR J/kPa
i /C) /kPa /(kN'm?) /m /kPa JiR BT ENEE gt Ji BT S
1 5 10 20 3 0 1.91 1.94 77.4 77.3
2 5 10 20 6 0 3.32 3.32 87.2 87.2
3 10 10 10 6 20 4.22 4.22 167.7 167.8
4 20 5 20 6 0 3.77 3.77 309.0 309.0
5 30 0 20 6 20 5.82 5.82 1509.2 1509.5
6 40 0 20 6 0 7.76 7.76 5107.1 5104.9
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Table 2 Validation of dimensionless parameter & to determine depth of slip plane for rough footings

HBlg'S  @/C ) c/kPa  p/(kN'm’) B/m  g/kPa TRBNSH k BRI /m BRIEZEIE R H a
1 10 10 20 3 0.0 1.06 1.95 0.73
2 10 0 20 3 56.7 1.06 1.95 0.73
3 10 10 10 6 0.0 1.06 3.91 0.73
4 10 10 20 6 56.7 1.06 3.91 0.73
5 20 20 10 6 0.0 1.09 5.51 0.79
6 20 0 10 6 54.9 1.09 5.51 0.79
7 20 10 20 6 0.0 4.37 4.36 0.63
8 20 0 20 6 27.5 4.37 4.36 0.63
9 20 5 20 6 0.0 8.74 3.77 0.54
10 20 10 20 12 0.0 8.74 7.54 0.54
11 30 5 10 6 0.0 6.93 5.95 0.63
12 30 5 20 6 8.7 6.93 5.95 0.63
13 30 0 20 6 0.0 T5 4.66 0.49
14 30 0 20 12 0.0 Pzl 9.33 0.49

* 3 AL TERSH L HEBBERERE
Table 3 Validation of dimensionless parameter & to determine depth of slip plane for smooth footings

FBIHS  o/C) ckPa  y/(kN'm?®) B/m  g/kPa TENSH k BRI /m WRIEEEIE 25 o
1 10 10 20 3 0.0 1.06 1.15 0.43
2 10 0 20 3 56.7 1.06 1.15 0.43
3 10 10 10 6 0.0 1.06 2.31 0.43
4 10 10 20 6 56.7 1.06 2.31 0.43
5 20 20 10 6 0.0 1.09 3.04 0.44
6 20 0 10 6 54.9 1.09 3.04 0.44
7 20 10 20 6 0.0 4.37 2.30 0.33
8 20 0 20 6 27.5 4.37 2.30 0.33
9 20 5 20 6 0.0 8.74 2.13 0.31
10 20 10 20 12 0.0 8.74 4.27 0.31
11 30 5 10 6 0.0 6.93 3.18 0.33
12 30 5 20 6 8.7 6.93 3.18 0.33
13 30 0 20 6 0.0 T5 2.36 0.25
14 30 0 20 12 0.0 x5 4.72 0.25
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Fig. 1 Fitting of slip surface depth correction coefficient for rough
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Fig. 2 Fitting of slip surface depth correction coefficient for
smooth footings
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Fig. 4 Fitting of slip surface shape correction coefficient for
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Table 4 Verification of calculation method for rough footings

HEl e c 14 B q ToEN AT AR AT

a5 /() /kPa  JkN'm3) /m /kPa ¥ k Zmax/m A pu/kPa a pu/kPa  AHXHREY%
1 5 20 10 3 0 0.13 2.24 0.94 136.8 0.94 136.4 -0.3
2 5 5 20 3 0 1.05 1.58 0.66 43.6 0.67 42.4 -2.8
3 5 0 20 3 0 x5 0.40 0.17 34 0.13 3.2 =53
4 10 10 20 3 0 1.06 1.86 0.69 116.8 0.71 113.5 -2.9
5 10 0 20 6 40 3.00 3.11 0.58 153.4 0.57 148.6 -3.1
6 10 0 20 6 0 5 1.50 0.28 26.0 0.24 24.9 4.2
7 20 20 10 6 0 1.09 5.40 0.77 4583 0.77 446.3 -2.6
8 20 5 20 6 0 8.74 3.89 0.56 308.9 0.57 301.7 -2.3
9 20 0 20 6 0 x5 2.81 0.40 169.9 0.40 164.5 -3.2
10 30 20 20 6 0 3.46 6.40 0.67 1823.2 0.71 1793.8 -1.6
11 30 5 20 6 0 13.86 5.42 0.57 1195.4 0.62 1194.2 -0.1
12 30 0 20 6 0 x5 4.66 0.49 884.6 0.50 849.7 -3.9
13 40 20 20 6 0 5.03 8.80 0.62 7737.9 0.71 7850.8 1.5
14 40 0 20 6 0 x5 7.55 0.54 5113.0 0.55 4889.8 -4.4

=5 BERLBMITESENRE
Table 5 Verification of calculation method for smooth footings

B g c 14 B g LEHNS AT AR AT

@5 /) /kPa /(kN'm?) /m /kPa # k Zmax/m o Pu/kPa o PuJ/kPa  HHRHEZE/%
1 5 20 10 3 0 0.13 1.42 0.60 133.4 0.80 135.6 1.7
2 5 5 20 3 0 1.05 1.03 0.43 38.7 0.46 39.7 2.6
3 5 0 20 3 0 x5 0.28 0.12 2.6 0.06 2.6 0.5
4 10 10 20 3 0 1.06 1.15 0.43 101.9 0.47 104.4 2.5
5 10 0 20 6 40 3.00 1.80 0.34 130.8 0.34 131.7 0.7
6 10 0 20 6 0 x5 0.84 0.16 16.9 0.11 16.9 0.1
7 20 20 10 6 0 1.09 3.04 0.44 384.2 0.48 393.7 2.5
8 20 5 20 6 0 8.74 2.21 0.32 207.8 0.31 207.7 -0.1
9 20 0 20 6 0 55 1.49 0.21 94.6 0.19 95.0 0.4
10 30 20 20 6 0 3.46 3.58 0.38 1269.0 0.38 1276.1 0.6
11 30 5 20 6 0 13.86 2.98 0.31 716.1 0.32 722.2 0.8
12 30 0 20 6 0 x5 2.36 0.25 4579 0.25 461.8 0.8
13 40 20 20 6 0 5.03 4.80 0.34 4835.7 0.36 4785.6 -1.0
14 40 0 20 6 0 55 3.84 0.27 2571.0 0.28 2586.4 0.6
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Table 6 Comparisons with Terzaghi formula
R 0 ¢ BURAHRR RIEAR KPEAR AIAR  ALARHA
I°) /kPa F1/kPa /kPa FHXTRZE /Y /kPa R/ Y%
1 0 5 25.7 28.5 10.9 25.7 0.0
2 5 5 51.7 66.5 28.7 49.7 -3.9
3 10 5 92.3 120.0 30.0 88.4 4.2
4 20 5 308.9 388.5 25.8 301.7 -2.3
5 30 5 1195.5 1368.0 14.4 1194.2 -0.1
6 40 5 5968.4 6502.5 8.9 6074.9 1.8
7 44 5 12705.0 16359.5 28.7 13033.0 2.6
8 0 50 257.1 285.0 10.9 257.1 0.0
9 5 50 351.7 395.0 12.3 349.9 -0.5
10 10 50 492.6 552.0 12.1 486.3 -1.3
11 20 50 1074.6 1185.0 10.3 1049.7 -2.3
12 30 50 2880.0 3042.0 5.6 2825.9 -1.9
13 40 50 10609.0 10809.0 1.9 10700.1 0.9
14 44 50 20430.0 23195.0 13.5 20938.2 2.5
R 7 5 Hansen ANHILLEL
Table 7 Comparisons with Hansen formula
U VI *E%E%? jﬁﬁ A 1S ___RH 18 ZH 20 E %Efa;ﬁ
Gi% () Kkpa Y Har/‘lfle)z B gz Wpn XTI Ha;‘ljl‘;‘a‘ e A HX}:}:‘ AkPa
1 0 5 25.7 25.7 0.0 25.7 0.0 25.7 0.0 25.7 0.0
2 5 5 51.7 36.9 -28.6 37.8 -26.9 38.4 -25.7 497 -39
3 10 5 92.3 65.1 -29.5 69.7 -24.4 72.9 -21.1 88.4 4.2
4 20 5 308.9 251.0 -18.7 286.4 1.3 310.0 0.4 301.7 23
5 30 5 1195.5 1054.9 -11.8 1235.7 34 1356.3 13.4 11942  -0.1
6 40 5 5968.4 5149.0 -13.7 6103.5 2.3 6739.8 12.9 6074.9 1.8
7 0 50 257.1 257.1 0.0 257.1 0.0 257.1 0 257.1 0.0
8 5 50 351.7 328.9 -6.5 329.8 -6.2 330.4 -6.1 3499 0.5
9 10 50 492.6 440.6 -10.6 445.3 -9.6 448.4 -9.0 4863 -1.3
10 20 50 1074.6 918.6 -14.5 954.0 -11.2 9717.6 -9.0 1049.7 2.3
11 30 50 2880.0 2411.2 -16.3 2592.0 -10.0 2712.6 -5.8 28259 -1.9
12 40 50 10609.0 8538.1 -19.5 9492.6 -10.5 10128.9 -4.5 10700.1 0.9
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Evolution laws of hydraulic parameters of red clay covers and design of
seepage prevention

JIAO Wei-guo'-*, LIU Zhen-nan"-?, JI Yong-xin?, ZHANG Yue'?, HE Ming-wei':*, LIAO Hua-rong"*
(1. School of Civil Engineering, Guizhou Institute of Technology, Guiyang 550003, China; 2. Engineering Technology Research Institute

(Technology Center) of Chinaconstruction Fourth Engineering Division Co., Ltd., Guangzhou 510665, China; 3. Rural construction

Engineering Technology Research Center of Guizhou Institute of Technology, Guiyang 550003, China)

Abstract: Through the laboratory unit and in-situ tests in landfill site, the hydraulic parameters of red clay soil covers have
been monitored for more than five years on two different time scales of construction and long-term service. The degradation
laws of hydraulic parameters from laboratory to field as well as from construction to long-term service are analyzed and
compared. The results show that: (1) During the five years of long-term service, the infiltration coefficient of red clay covers
without vegetation changes from 107 ¢cm/s to 103 cm/s, with the variation fluctuated by 5 orders of magnitude, and the
infiltration coefficient with vegetation is 2 orders of magnitude from 107 cm/s to 10 cm/s. (2) The macropores in the covers
gradually increase in the long-term service of natural climate, and the excessive rainfall (such as rainstorm) leads to the
decrease of water storage capacity of soil overburden. In engineering design, it should be adjusted according to the local rainfall
parameters. (3) With the repeated cycles of moisture absorption and desorption, the water storage capacity is related to the
initial matrix suction and path of moisture absorption before rainfall. The design of the main moisture absorption curve with the
starting point of laboratory moisture absorption (initial matric suction) of —1500 kPa is conservative, and the results are
relatively safe.

Key words: tailings stockyard; landfill; soil cover; vegetation soil; long-term service; hydraulic parameter; vegetation root

system; design of seepage prevention
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Fig. 1 Model for seepage prevention mechanism of water
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Table 3 Basic physical and mechanical parameters of red clay
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Fig. 8 Soil-water characteristic curve of red clay in natural climate
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Table 4 Fitting parameters of V-G model of soil-water characteristic
curves of red clay in natural climate from 2015 to 2020

(moisture desorption process)
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Fig. 9 Soil-water characteristic curves of red clay in natural

climate from 2016 to 2020 (moisture absorption process)

®=5 BRSIET 20152020 FARZHAAL T+ LK EHER LR
V-G REWESH (RELD)
Table 5 Fitting parameters of V-G model of soil-water characteristic
curves of red clay in natural climate from 2015 to 2020

(moisture absorption process)
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Table 6 Effective water storage rate (6,) of undisturbed red clay in

long-term service
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Fig. 12 Effective water storage rate (6,) of undisturbed red clay in

long-term service

T AR AR KRR - A i TR
gy, ST R — Sk i U B 0T
2. T BARURFMT T B RONE TRESER RSO RE
IO WRE R PR R 1 2 B e S /K g 2%
AKIIEEAE . TR, TS0 5 Y I e KRFAE 47
HIREHIAIN, —RBCR T A il A5 - Bl A v 52
REILE] 99% LA b, TELg B AR B i i rp £
AARMEIL 2 78 A AnSCERISTH &L 9, R
JIHEE 0 kPa I, HARERE K FR T % T % AN
PRFAE 7K T AR ARAS  CUnaG A B 28 B R HE LUK
drp A e A BB ), s RO R E
P I i T S 6

Bl 13, 14 272 X CHERD 235 57E
2016 £ 7 H. 2017 4 9 HFi AR 1, S
T 5K 7 AN TDR SR R A A ZKRFAE £
13, 14 1, BT = A 2 RS DXCHLR] 205
T JFUIR R AE S50 5 N H AR AR S AR AT ke 0~
~1500 kPa H/KFFERL (BUR AR EAIHK D . 2016
7 HINBERICNEE —3, 2017 4 9 H FEmC N —
Y. I 13 AW B3R LRI R )
26 kPa, RRAE KA 29%. P& RY 45 o5 70 izl ik
MR 1R B] (B 0 kPa, KRB AT K
H41%~46%. F IR FERERD, ERETE L
R ST 58.0 kPa B2 5.0 kPa, L EAFREKE
H1 27.4%TH 24 35%. ZXPpMEmERET, ROzt
IIRIIRFE TR AR, 228 P R K 70 a6 A i



B D, 55 RS R KNI SEER A SE e 51
A 2, (FLIEIE G T 50 5 P SR AR 744X %0 =
MR T AL 51500 kPa [HIHE 5 1E 6 .
50 : = TR
6) f-a------

40 +
0-1500 kPa - J5iiE

8\%9?

ET R I S
(26 kPa, 29.0)

BBUEKE%
3

201 H
O TR 1MW A : /
o [FEFH LIFEIE A } 1500-0 kPa¥: 138
—&—0~1500 kPaF: i3, 3
10 1 1 P TR il
10! 10° 10! 102 103

HEE R 1 /kPa
13 MIABERERSIET LR LKEHES (BE—1HmM)
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Fig. 14 Soil-water characteristic points of red clay under natural

rainfall climate (the 2nd rain)
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Influences of thermo-mechanical properties of clay on mechanical
responses of energy piles

LU Hao-jie', KONG Gang-qiang?, LIU Han-long', WU Di*, CHEN Yong-hui?
(1. College of Civil Engineering, Chongging University, Chongqing 400045, China; 2. College of Civil and Transportation Engineering,

Hohai University, Nanjing 210024, China; 3. School of Science, Qingdao University of Technology, Qingdao 266033, China)

Abstract: Under the action of temperature variation induced by energy piles, the mechanical properties of soils surrounding the
piles will be changed, thereby affecting their deformation, the stress of the pile-soil interface and the bearing capacity of the pile
foundation. The ACMEG-T constitutive model for the thermal properties of soils is developed in ABAQUS commercial
software. The accuracy of the program is verified by simulating the triaxial test results by using the UMAT subroutine. Based
on the numerical simulation, the influence of thermo-mechanical properties of soils on the displacement of pile head, the stress
of the pile-soil interface and the axial force of the energy piles in clay are studied. The results show that the change of soil
temperature can lead to irretrievable settlement of soils, and further lead to negative skin friction on the pile shaft. The
additional settlement and irreversible change of axial force of the energy piles can be induced by the negative skin friction.
With the increase of the over-consolidation ratio of clay, the effects of thermo-mechanical properties of soils on the mechanical
response of the energy piles decrease.

Key words: energy pile; clay; constitutive model; over-consolidation ratio; numerical simulation
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Table 1 Properties of materials used in ACMEG-T thermo-mechanical model
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Indoor model tests on the construction of vertical pipe jacking in shield tunnel

WEI Gang', HAO Wei?, WEI Xin-jiang', WANG Xiao'
(1. Department of Civil Engineering, Zhejiang University City College, Hangzhou 310015, China; 2. College of Civil Engineering and
Architecture, Zhejiang University, Hangzhou 310058, China)
Abstract: The traditional shaft construction method has a great impact on the residents' life, the environment and the
surrounding traffic. With this background, the vertical pipe jacking technology has been developed rapidly. Based on the
existing relevant researches, an indoor model test device for the vertical pipe jacking is designed and invented. Moreover, the
influences of three factors, namely, different overburden heights, different jack lifting speeds, and whether the soil layer
contains water or not, on the vertical pipe jacking construction are investigated. The changing laws of the deformation of the
inner side of the shield tunnel and the vertical displacement of the ground surface due to the vertical pipe jacking construction
in the shield tunnel are studied. The results show that the bending moment inside the shield tunnel presents a "W"-shaped
distribution during the vertical pipe jacking process. When it is far from the center of the pipe jacking excavation, the vertical
displacement of the ground surface is dominated by settlement, while near the center of pipe jacking excavation, the surface
settlement decreases and presents an uplift phenomenon with the continuous jacking of the pipe. Furthermore, when the jacking
speed is slow, it has a greater impact on the tunnel and the surrounding soil. When the overburden height is lower than 450 mm,
with the increases of the overburden height, the settlement at measuring points in the surface settlement area increases.
However, the overburden height has less effect on the displacement at measuring points in the uplift area. When the height of
the covering soil increases to 500 mm, the surface uplift phenomenon disappears. The influences of the soil layer on the tunnel

are more severe after adding water, which will cause the surface uplift value to increase.

Key words: tunnel engineering; vertical pipe jacking; model test; vertical displacement; bending moment
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Fig. 10 Treatment of water stop
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Fig. 11 Curves of bending moment in whole process of measuring

points along transverse axis
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Fig. 12 Curves of bending moment in whole process of measuring
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Fig. 13 Diagram of tunnel deformation
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Fig. 15 Diagram of surface displacement and deformation
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Fig. 17 Change curves of earth pressure of pipe jacking head
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Fig. 18 Curves of bending moment at different jacking speeds

B 19 AR E 25 1T 5 R Al e (%
R 2 o HI P& 19 AT, THUT3 B 0] 2 68 i) (5 74
SN EEAE R T YRR, (I ST THZh0AL (B
BT 42 Hut s 100 mm BAAM), [ T0OA 38 R 1
PR, ARG BN B RN, HTRTHEE Y 0.76
mm/s I, MR FTITTRE A R AT IA 10.2 mm, T TR &
JE4 5.00 mmy/s I B RUTRENNY 5.1 mm. TRTRE L
IR T IE T 2 0L CBE RS THA 420 A
100 mm DAY HIBEREIX FEMaAL/N,  Fvill L i KB
A 1L7mm, H/MER 0.6 mm, Kk, 7ESEFR TR,
TR F R A BRI, 5 A R P AR TR A
B, B 1k BT TR R A e AR T S AR O T K
ERrEEl . HMBLZIM R R R LT, BT Tt



318 3

A, A JE A REIE R A T T BRI ST 69

PRI, TIE D) EIE L R T O, AT
O DX 3 2 AR ol 50 78 0 B LSk U i E N T
BN, S EUTIN B B A S L T B R
WA e T T TR R, A i
B, TUE S AR PRBh I A, o AR R v
B, PRI X Jo 120 s R R R s i 5 B X

2

2% 1] A7 B /mm
o & b b o

L
=)
;

—A— TiFHEHES.00 mm/s )
-300 -200-100 0 100 200 300
Y 2R L o L S O TP 4% R A B S /mm

-12

19 FRIFHEE L%

Fig. 19 Curves of displacement at different jacking speeds
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Fig. 20 Curve of bending moment at different overburden soil
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Fig. 21 Curves of displacement at different overburden soil
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Fig. 22 Curves of bending moment of soil layer with or without
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Fig. 23 Curves of displacement of soil layers with or without

water
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Experimental study and discrete element simulation on interface friction of
geo-encased stone columns

ZHANG Ling" %3, XU Ze-yu" %3, YAO Pan' %3, ZHAO Ming-hua' %3 CHEN Long" %3
(1. School of Civil Engineering, Hunan University, Changsha 410082, China; 2. Key Laboratory of Building Safety and Energy

Efficiency of the Ministry of Education, Hunan University, Changsha 410082, China; 3. National Center for International Research
Collaboration in Building Safety and Environment, Hunan University, Changsha 410082, China)

Abstract: The friction characteristics of the column-soil interface is important to the load transfer mechanism of geo-encased
stone columns. In this study, model tests are conducted using a large direct shear device to investigate the effects of the normal
stress, water content of soft soil, relative density of stone materials and geosynthetic on the characteristics of the column-soil
interface. On this basis, the discrete element method is adopted to study the influences of geosynthetic application, aperture
ratio of geosynthetic and geosynthetic stiffness. The results indicate the interfacial shear strength increases with the increase of
the normal stress, relative density of stone materials, aperture ratio of geosynthetic and geosynthetic siffness, and deceases with
the increase of the water content in soft soil. The interfacial friction coefficient decreases with the increase of the normal stress
and water content in soft soil, and increases with the increase of the relative density of stone materials and the aperture ratio of
geosynthetics. The influences of geosynthetic stiffness are insignificant to the interfacial friction angle.

Key words: geo-encased stone column; column-soil interface; direct shear test; laboratory test; discrete element model
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Fig. 1 Geo-encased stone column in engineering practice
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Table 1 Physical properties of soft soil
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Table 2 Physical and mechanical properties of stone particles
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Table 3 Mechanical properties of geogrids
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Fig. 3 Grain-size distrbution curve of stone particles
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Fig. 4 Arrangement of sample in the shear test
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Fig. 5 Relationship between interfacial shear strength and normal

stress under different water contents of soil
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Table 5 Shear strength properties of column-soil interface under

different water contents of soil
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Fig. 6 Relationship between interfacial shear strength and normal

stress under different relative compactnesses of stone
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Fig. 7 Relationship between interfacial shear strength and normal

stress with or without geogrids
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Fig. 8 Relationship between interfacial friction coefficient and

normal stress under different water contents of soil
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Fig. 9 Relationship between interfacial friction coefficient and

normal stress under different stone relative compactnesses
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Fig. 10 Relationship between the interfacial friction coefficient

and the normal stress with or without geogrids
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Fig. 11 Numerical model used in particle flow analysis
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Fig. 12 Numerical triaxial tests
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Table 6 Micromechanical properties of crushed stone
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Table 7 Micromechanical properties of soft soil
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Slope stability of municipal solid waste landfills under combined
effects of gas pressure and temperature changes

SHU Shi"?, SHI Jian-yong"?
(1. Key Laboratory of Ministry of Education for Geomechanics and Embankment Engineering, Hohai University, Nanjing 210024, China;

2. Geotechnical Engineering Research Institute, Hohai University, Nanjing 210024, China)

Abstract: Engineering accidents of slope failure in municipal solid waste (MSW) landfills under the high leachate level have
occurred many times. The preliminary analysis indicates that the slope failure is caused by various factors such as leachate level,
gas production and temperature increase caused by the waste degradation. However, very limited researches have been
conducted to analyze slope stability of landfills considering the combined effects of leachate level, gas pressure and temperature.
In this study, by simplifying the calculation of gas pressure and temperature distribution of landfills, the Sweden slice method is
used to analyze the slope stability of landfills under the combined effects of leachate level, gas pressure and temperature. The
calculated results show that considering the influences of gas pressure and temperature, the safety factor of slope stability of
landfills is reduced by 24.7%~43.0%. When analyzing the slope stability considering the combined effects of leachate level, gas
pressure and temperature, it is recommended to control the minimum safety factor to be greater than 1.0 to ensure the safe

operation of landfills. This study can provide theoretical support for the design, construction and operation management of
MSW landfills.
Key words: MSW landfill; gas pressure; temperature; slope stability; safety factor
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Dynamic parameters of lime-improved saline soil under freeze-thaw and
different temperatures

XU Yong-li', DONG Zi-jian', ZHOU Ji-sen?, TAN Hong-liang?, ZHOU Jian-hang?
(1. School of Civil Engineering, Northeast Forestry University, Harbin 150000, China; 2. Heilongjiang Long Jian Road and Bridge Sixth

Limited Comany, Harbin 150000, China)

Abstract: In order to study the stability of lime-improved saline soil roadbed in seasonal freezing areas, laboratory tests are
conducted to analyze the change of the dynamic parameters under freeze-thaw and low-temperature environments. The British
GDS dynamic triaxial test system (GDSTAS) is adopted to measure the dynamic shear modulus and damping ratio of
lime-improved saline soil under different dynamic load frequencies, confining pressures, temperatures and numbers of
freeze-thaw cycles. The results show that the dynamic shear modulus at the turning point can reflect the changing trend of the
dynamic shear modulus of the sample. The decrease in temperature, the increase in frequency and the increase in confining
pressure can increase the dynamic shear modulus and decrease the damping ratio of the sample. The temperature has a more
significant impact on the dynamic characteristics. When the number of freeze-thaw cycles increases, the dynamic shear
modulus and the damping ratio increase. The temperature correction coefficient and freeze-thaw correction coefficient are
proposed to correct the dynamic shear modulus and damping ratio, and the curve fitting is performed. The fitting curve shows
that the turning points of the correction coefficient are at -6°C and the three freeze-thaw cycles respectively. On this basis, a dynamic

parameter prediction model is proposed as reference for the stability design of lime-improved saline soil roadbed.

Key words: saline soil; lime improvement; dynamic shear modulus; damping ratio; low temperature; freeze-thaw cycle

El
it BRI RAK SR S R TR

it

- - YR A AL,

Pk RIS B FEE IR, AL RN Eh K
Bk B AR
ARAA AR PET 7T, KRB ATE RN L 7>, SR

BRILE TR, BELZIZE . L=
il SRR SR A, BREE R )2 R REAN SN /)
R R AR 203, S BEARTLAE A BT AR B AT B
JELLRIARALM . H 6 T B AT 5 S E AR IR
K EIERIEEIT ST, Il = R ER,

(B I R B TIR AR & S B R4 SRR AR T 5
Wi, 25 REURAKAERAKZE AR, A Ak Rz R 3R

BEE&WE: BRILEREEGRGARAREREDE (23000010000
4258210006)
IFEEER: 2021 - 06 - 11



1M TRAKIN, 2. Rl AR e R #5130 1S 50 i 91
=1 BFLTEFRENEE
Table 1 Measured values of ion content of saline soil (%)
FH & T T
K* Na* Ca? Mg?* HE Cco? HCO, SO Cl =g+
0.21 0.2173 0.0244 0.0357 0.4870 0.2205 0.1086 0.0622 0.1134 0.5047
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16%. TFEMBUR R Z6 i 1 Fow, Bikaess 1
Az R R TR IR A -, R h s PR RS
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Fig. 1 Grain-size distribution curves of test specimens
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Table 2 Test plan
Y IR AR R VR RAE
' /°C /Hz /kPa BNV €)
S1 20 1 100 0
S2~S3 20 3,5 100 0
S4~S6 20 1 50, 100, 150 0
0, 2, 4, -6,
S7~S13 1 100 0
-8, -10, -16
S14~ 1, 3, 5,
20 1 100
S18 7, 9
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Fig. 3 Fitting curves of dynamic shear modulus and damping ratio
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Table 3 Fitting parameters of dynamic shear modulus and damping ratio under different frequencies and confining pressures

VIR Ga PHJEEE A
B Hz >
b R Ainax c n R?
1 0.0101 4.7873 0.9865 0.46 0.0025 0.6845 0.9183
3 0.0076 3.4389 0.9886 0.39 0.0096 0.3665 0.9893
5 0.0056 3.3365 0.9887 0.36 0.0169 0.3469 0.9950
IR Ga FHJBLE A
}j_i/kpa b R? A max C n R?
50 0.0145 4.7686 0.9942 0.55 0.0036 0.4693 0.9940
100 0.0101 4.7873 0.9865 0.46 0.0025 0.6845 0.9183
150 0.0080 3.4256 0.9941 0.43 0.1306 0.2455 0.9802

®4 TRERREE THRANFVIRENRERL

Table 4 Maximum dynamic shear modulus and damping ratios under different frequencies and confining pressures

BH $i% /Hz [l [ /kPa
~ 1 3 50 100 150
Gdmax/MPa 98.81 130.89 177.31 69.11 98.81 12531
A max 0.46 0.39 0.55 0.46 0.42
*5 TRIEE T o IEE R AR EESH
Table 5 Fitting parameters of dynamic shear modulus and damping ratio under different temperatures
N BB YA Ga [EEP)
M/ C > >
b R Aiax c n R
20 0.0101 4.7873 0.9865 0.4546 0.0025 0.6845 0.9183
0 0.0073 4.1682 0.9965 0.3928 0.0018 0.5971 0.9384
-2 0.0041 3.2572 0.9728 0.3718 0.0016 0.6851 0.9707
-4 0.0031 2.7513 0.9908 0.2818 0.0015 0.6153 0.9330
-6 0.0028 2.5054 0.9989 0.2170 0.0013 0.5750 0.9742
-8 0.0024 2.5351 0.9966 0.1915 0.0010 0.6831 0.9409
-10 0.0024 2.1925 0.9811 0.1441 0.0008 0.5857 0.9024
-16 0.0024 1.7242 0.9247 0.0700 0.0006 0.4172 0.9567
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Table 6 Maximum dynamic shear modulus and damping ratios

under different temperatures

M /PC Gamax/MPa Ao
20 98.81 0.46

0 137.17 0.39

-2 242.13 0.37
—4 320.51 0.28
-6 357.14 0.22
-8 413.22 0.19
-10 414.94 0.14
-16 423.73 0.07

b WL BRI, SBY ISR N, BHJE LR
L 20 C KA -16°C, #5647 55 3 BY DI 48 i 263
MPa (75—338 MPa), [HJe g/ 0.10. B HEIERF
%, KR AWEEIK, ARG R T InEE (E 5k 4s i
Ko PLahfar #EE ) R yTABTERE 380, B8y Ui i
K, ISR RSB JIRAE BT 75 BE BRI, BHJE L.

RIEAFRRE N ah S HaR0 s %, RHBiREE
ERH:

G(;max =0g deax ’ (6)
A’émax = axllmax ° (7)

Kb, o WAV R IR ZEIE R, o, NHE
PCRIE A2 IE A 8 BT MBSO TR N R
MNZHIM AN, X ag M a, EATIE 3T

T<-6°CH, ILEBIE RN, T>6CH, IRE
1B 1F R BORTE TP .

45r

40f
S35¢
W% 3.0
g 25F
% 20f

1.5

1.0 1 1 1 1 1 1 1 1 1 J
-18-16-14-12-10-8 -6 -4 -2 0 2
MREE/C

(a) HBTYIBEENR B 6 IE R BG4 i 2%

10
09}
08¢
% 07}
W 0.6
05f

m 04f
B o3l

02

0l g 16-14-12-108 6 -4 2 0 2
BT
(b) BHLJB WG BE IE R EELA 2R

6 shEYIEEFME LR 8 REH SR

Fig. 6 Fitting curves of temperature correction coefficient for

dynamic shear modulus and damping ratio
2.4 FRAEEMERX T NS HE W ERRIEERY
FEANFGRREA BT, Sy DI - BYRAR
FHJE L - BRI AR 26440 (1) ~ (3) WA, axr boy
e m AMEZH, MESHIER 8 P, ek
e 7 fs .



1 TR, S, VRt BN A KSR B B3 I 28 95

* 8 NEFRMEIFRBNEIEERERLEHIE S

Table 8 Fitting parameters of dynamic shear modulus and damping ratio under different freeze-thaw cycles

D B VIR G BELJEEE A
VR R U a b2 R? Ao 2 n R?
0 0.0102 4.7873 0.9865 0.4649 0.0025 0.6972 0.8884
1 0.0145 6.1150 0.9960 0.5675 0.0040 0.7006 0.9551
3 0.0214 6.1155 0.9984 0.6641 0.0049 0.6692 0.9631
5 0.0227 6.9325 0.9951 0.6827 0.0061 0.7094 0.9558
7 0.0262 7.8786 0.9953 0.7022 0.0075 0.7610 0.9514
9 0.0283 7.6030 0.9983 0.7124 0.0085 1.0048 0.9741
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Fig. 7 Fitting curves of dynamic shear modulus and damping ratio
under different freeze-thaw cycles
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Table 9 Maximum dynamic shear modulus and damping ratios

under different freeze-thaw cycles
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AR 10 Frox, &ML wE 8 s,

IR U Guna/MPo s %10 FREFEERMMIASH
0 98.81 0.47 . .
1 70.08 0.57 Table 10 Fitting parameters of freeze-thaw cycle correction
3 46.53 0.66 coefficient
5 43.80 0.68 2
7 39.26 0.70 % by e R
9 35.65 0.71 0.56 1.87 0.38 0.991
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System reliability sensitivity analysis method based on sequential
compounding method

LIN Xin, TAN Xiao-hui, DONG Xiao-le, DU Lin-feng, ZHA Fu-sheng, XU Long

(School of Resources and Environmental Engineering, Hefei University of Technology, Hefei 230009, China)
Abstract: To analyze the influences of parameter uncertainty on system reliability, a system reliability sensitivity analysis
method based on the sequential compounding method (SCMSA) is proposed. The SCMSA makes use of the principle of SCM
combination element, and further calculates the equivalent correlation coefficient between the two components and other
remaining components in the system on the basis of calculating the reliability and sensitivity of a simple system with two
components in parallel or in series, so as to achieve the purpose of combining the two components and simplifying the complex
system. The advantage of SCMSA is that it integrates the calculation of the relative sensitivity index into the system reliability
analysis, so that the sensitivity analysis can be calculated together as a byproduct of the reliability analysis, and this method can
be applied to the system reliability sensitivity analysis of the relative non-normal variables. Finally, a simple numerical example
is used to illustrate the calculation process, calculation accuracy and calculation advantage of SCMSA, and it is applied to the
sensitivity analysis of a system reliability of semi-gravity retaining wall, indicating that the SCMSA can provide a theoretical
basis for the risk analysis and prevention of geotechnical engineering.

Key words: sequential compounding method; system reliability; sensitivity; semi-gravity retaining wall
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Fig. 3 Schematic diagram of five-component hybrid system
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Fig. 4 Correlation coefficient matrix in combination process of five-component hybrid system
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Multiscale finite element-finite element model for simulating nodal Darcy velocity

XIE Yi-fan" 2, WU Ji-chun®, WANG Yi' 2, YE Yu' 2, XIE Chun-hong*, LU Chun-hui" %3
(1. State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210024, China; 2. College

of Water Conservancy and Hydropower Engineering, Hohai University, Nanjing 210024, China; 3. School of Earth Sciences and
Engineering, Nanjing University, Nanjing 210023, China; 4. Department of Mathematics, Nanjing University, Nanjing 210093, China;
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Abstract: A multi-scale finite element-finite element model (MSFEM-FEM) is proposed, and it can effectively simulate the
nodal Darcy velocity and ensure the velocity continuity. The MSFEM-FEM employs the multi-scale finite element method
(MSFEM) to replace the head simulation part of the Yeh's finite element model, thus to improve the efficiency and accuracy.
Then, the MSFEM-FEM transforms the multi-scale grid to the finite element one, thus, it can directly apply the Yeh's finite
element model to obtain continuous Darcy velocity. Based on the multi-scale basis function, the MSFEM-FEM can extract the
global information of the study area which allows it to obtain the accurate head solution efficiently on the coarse scale. By
transforming the coarse-scale grid into the finite element grid, the MSFEM-FEM can directly employ the Yeh's finite element
model to import the global information from the head solution into the Darcy velocity, which can also improve the accuracy of
Darcy velocity and ensure the velocity continuity. In addition, the MSFEM-FEM can apply multi-scale basis function to
reconstruct the solutions, so as to obtain the fine-scale head and velocity solutions in the study area. The simulated results of
two-dimensional groundwater problems show that the MSFEM-FEM can efficiently and accurately solve the head, Darcy
velocity and flux, which outperforms the MSFEM and the Yeh's finite element model.

Key words: groundwater numerical simulation; multiscale finite element method; Yeh's finite element model; continuous

Darcy velocity; high computation efficiency
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Influences of integral displacement methods on inverse analysis of
accelerograph arrays for cyclic shear stress-strain response

WANG Ti-giang', WANG Yong-zhi', CHEN Su?, DUAN Xue-feng', YUAN Xiao-ming'

(1. Key Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering Mechanics, China Earthquake

Administration, Harbin 150080, China; 2. Institute of Geophysics, China Earthquake Administration, Beijing 100081, China)

Abstract: The inverse analysis of accelerograph arrays for cyclic shear stress-strain response is widely used in in-situ
monitoring and physical model tests, but the influences of the key factors such as integral methods and distribution functions
still lack knowledge. Four representative one-dimensional shear beam distribution functions are selected, and a set of dynamic
centrifugal model tests are used to clarify the influences of the integral methods and distribution functions on the inverse
analysis of shear stresses and shear strains, and the features of the acquired hysteresis loops and modulus damping ratios are
further analyzed. The results show: (1) The integral methods exhibit a visible impact on the inversion of the shear stresses and
shear strains, and using the acceleration curves processed by the integral methods to obtain the shear stresses is an important
condition for effectively ensuring the smoothness and closure of the hysteresis loops. Compared with the ARI method, the
USGS method has a non-negligible influence on the phase and amplitude of the original acceleration curves. (2) The shear
stresses and shear strains obtained by the three shear beam distribution functions of linear, cubic spline and weighted residuals
are very consistent, and the influences of the distribution functions can be ignored. However, the results obtained by the cosine
method distribution function are relatively discrete, which is not suitable for selection. (3) The dependence of the shear modulus

on the integral methods is slight, but the damping ratios are evidently affected. The development trend of the damping ratios

E&WAB . hEMER A0 HEAR G55 9% % 55 H
(2019EEEVL0203); [HZR BARHFREEIH (51609218); REITH
HARIZEEEEIH (YQ2019E035)
guidance and method support for effectively and reliably IgFSHEHA: 2020 - 11-19

*EEEHE (E-mail: yong5893741@163.com)

obtained by the ARI method conforms to the general —
understanding, while the USGS method is contrary to it. The

research methods and conclusions may provide important
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obtaining the cyclic shear stress-strain response of in-situ site and geophysical tests and verifying the constitutive relationship

models.

Key words: accelerograph array; cyclic shear stress-strain; inverse analysis technique; integral displacement; influencing factor
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Fig. 1 Schematic diagram of one-dimensional shear beam model

based on accelerograph arrays
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Numerical study on dynamic crack propagation of brittle materials by
discontinuous deformation analysis

ZHANG Kai-yu' %, LIU Feng' 2, XIA Kai-wen':?
(1. State Key Laboratory of Hydraulic Engineering Simulation and Safety, School of Civil Engineering, Tianjin University, Tianjin 300350,

China; 2. Department of Architectural Engineering, Tianjin University, Tianjin 300350, China)

Abstract: The discontinuous deformation analysis (DDA), as an implicit discrete element method, can simulate the evolution
process from continuum to failure by introducing the virtual joint technology. In this study, the DDA method is modified and
applied to the dynamic crack propagation problem of brittle materials. Firstly, the DDA with Voronoi discretization is adopted.
Since there are many short edges in the Voronoi discretization, these edges will fail preferentially using the original DDA
algorithm. A uniform spring algorthim for the DDA is proposed to solve this issue. Then, a parameter calibration scheme is
presented. The uniaxial compression and a semi-circular bend (SCB) with a pre-existing crack are used to calibrate the elastic
parameters and the strength parameters, respectively. Based on the calibrated parameters, the predicted crack propagation paths
of SCB are highly consistent with the test results. Finally, several dynamic crack propagation problems for brittle materials,
such as self-similar crack propagation, crack branching and compact tensile tests, are simulated based on the calibrated
parameters. The proposed DDA method can reproduce the phenomenon of crack propagation with the constant speed for the
self-similar crack and the crack branching phenomenon under dynamic loading. Meanwhile, different failure patterns for
compact tensile tests under different loading speeds are reproduced successfully. The results verify the feasibility of the DDA
for dynamic crack propagation of brittle materials, and pave the way for future engineering applications.

Key words: brittle material; discontinuous deformation analysis; Voronoi discretization; dynamic crack propagation; crack

propagation speed
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Hill. MEENEARNERE, BEIRE KA —ME
BT B, R ] e A T VA R ) A
JEIEEFAT IR T o

B IRTTER BT 2 R T A ) 2= 2559 7 #
FHESRHUE 1. N TSR, BRERL
A RO R, HEUy X BRBEE EAEH%AE
ESN R, HiCAKEKRE. Belytschko FEMIET
YV AR T (the extended finite element method,
XFEM) J7ikgth 7 — M a8 b 3 R SR o T 5 7e
WIBII %, HAT ISR RIS, 55—k
PR RIS ) ) VA AR IR el B B R AT,
RE R ReIRE BT A . Xu FEEER X — 1%
B 7RG IR, Hoth T RE e B
SR o ah, HARE S T IEAE A AR S 0 15 2
TITZRRE, Bllns a2t #2948 R4 (rock failure
process analysis system, RFPA) i i ¥ o554k, Sl T
BEAE A TR PERT B 21 58 A A #2220k 45D
KH RFPA Bl T 75 — 4R e fifd . Sl k&
K9 3N 15 55 AT T R8T Rl

HiEGJEMN, B EUE A T Re %
AbERARZESE . HAT, B ITIE (discrete element
method, DEM) BICL& )32 B FH T-AF 7T e PR A4 K1) 1
K. o, PFC (particle flow code) [OV& K H it
BEUA—F DEM. Kou 5T PFC )% 45 BRI
RIWFFE T ANF Tl SR80 X, 5 HAm U Ty
EAU RO R LT T X . A4h, i HAh
B VG R S SRS R 1) R A5 T
Zhao “EBLRH B HUH BB (the distinct lattice spring
model, DLSM) H4l  BAHIIR SRR, MBEE A
fif R T AR 5 S AR () i A R
KA &5 KA S IR A

BUE M (numerical manifold method, NMM ) P-10]
RERE AL AL IR SL ), RS A FRARIE L M R, T2
N T8 R lal @ 7t . 2811 NMM X LU T30
BRGY EHTT.

dE 3E 22 4 ¥ 4> 1 ( discontinuous  deformation
analysis, DDA) 4] Shil' 2 H, 772 W H Tk
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fho T L RAENZVUN T B B A 1) R AR A ]
A, R ABES RS, JER A Rk
B H I 7 b BE ¥ B AR B fih . Ning PR Tk
DDA B 7R AL RIS A AR A &, FHR
W TR A AR IR R R T vk o £ T B ATl
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RIRIHIE T BVERAA B, FHa il 7 iR
il A EWFFRHCR A T FHk DDA B R A
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Y SRRV DU () £ FE AT SR B e ()8 Mo AT o
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TEVHE AR R, — E R R B I AR
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200, 2R SR S e A P A A s A, el T S R
FEHUE R R 2= T SO FEHE R 25, 170 511 580 2 B /)N,
AL E R R &, RO T ' o, &
BXX — T E AT S HR € . ACH T Voronoi
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DALY R

1 Voronoi %121 f2 E81 8 DDA 7574 s
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PEEEN TS, HAEME RN 1% 8B — e s .
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IR G R AR R BEE R R . A 7 {8 DDA RS
FAEM R ERYERT B BIBA R R, FRERE R
THE AR AT, FRRE R TR, RIET
(RVESEAE o 224 R 750 B IE) PR L 3 7S5 J2 Bl DR A T
RETEAS YRS, AT . ARSCR A BRI
FIHEMI AL /K - PE 1«
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T=c+otang 2

K, o Mo ZENTEAAMRN YN, o, cs
o Sl R T ER TR SR . R IR EEER A
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b R AR I DA AR R 1 S R 200, R AL B e 4
TFEFRBL, BEANL Voronoi B HUAFETE RERRT 200G
1EZ R IAAE = AR ARREIR, sl AW AR S0
Sk, mE 1 (@ NRDMLKAEFRSE 1, 2
A 3 Fhdh . Bk 3 bt ok F5E far 4, AR JC T
5. WK1 (b), RAEL DDA TH5, i THik 2
PIFREE LK TN, WIEA 2 25 THUR 1 R AR .
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Fig. 1 Failure model with different size blocks and y-direction
displacement-time curves of blocks 1 and 2
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Fig. 2 Distribution of microcrack angle of uniaxial compression

specimens
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Fig. 3 Failure patterns of uniaxial compression specimens
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Fig. 4 Distribution of microcrack angle of Brazilian split

specimens
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Table 1 Values of DDA microscopic parameters

B PR " WEEE S wwdl BRI pibioR R UImeRE mK P[]
{HAR
/(kg'm?3)  E/GPa ) FERESf1  /MPa  J¥/MPa RIE/GPa NIE/GPa Lt AN
1190 4.4 0.38 30 0 70 7 13.2 5.28 1X10° 0 (H3hERD)
o 7 WL 2 REBENEAMREME SR
s Table 2 The influence of the number of blocks on the elastic
03 parameters
0 0 AR~ /mm  HURSE/AS #MBE/GPa AR
os 1.0 6129 59.30 0.268
» - 1.5 2672 59.05 0.264
y 2.0 1593 58.62 0.264
S s 2.5 1051 59.10 0.264
(a) DDA /107m () wagopa 0" 30 701 58.61 0.269
4.0 430 58.82 0.273

5 BABRIAFRIMEN

Fig. 5 Failure patterns of Brazilian split specimens
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SCEEXT Voronoi Z14JE B HL) DDA ik TS 4bs
S, NIEsEES TR, A SHER e TAE
GY NS 43« TR, B A R 4 R B8 A T o M S AL (G
PEBLR . AL bR BB DR R
BRI HATSRE S A ORWHG R MR . 2R M
BRI [IRRIE
2.1 SEMBHIRE

T B HEUE M S RS S ERR A L,
DA EE B 2 T 7 B 0 A3 (R B RS o i Al e
FHESR e By, s B B o S 1)
PEBLER . AR LR RS SR . B R 4 R
JASFH 0.05 mX 0.1 m, AFREuHELE, /£ L THA
Ina i B 4 MEFE R, il N 0.01 mv/s R IE B A
o WML SECEB IR 1 FoR, AN H g
ZHOATARE, 2R 1 AR BE O S 00 & d i 3.2
A DR G R R ). T A A A RHE
MR T ok Rl R LK, BRI AR SR
B H B E RN, FYUR RS 3iE$E 1.0,
1.5, 2.0, 2.5, 3.0, 4.0 mm B§EURFERET B 4
Pho WK 2 Fow, FHUERSHEDT 4.0 mm G P,
H M SHH ZHA K K5 S5 e 58 T ik
BT 4.0 mm WU RSHT RO EL. BRIk, 7EHET
PMMA #EHASME S HbR e i, EFEHA RS 2.0
mm [ ARG . IR 3 B AR TR 1 2 0
PESBG PR, E NG SR S B -

7F: Voronoi B (R=0.3).
% 3 PMMA FiREI R WS HE

Table 3 Value of macroscopic parameters of PMMA and model

I PR

A EEVN

ey kg-m) /GPa MEL /N4
PMMA # %} 1190 3.24 0.350

T 1190 3.28 0.357

2.2 BESHEIRE

N T f#F Voronoi % 1% 2 #1¥ DDA J7 21t 73]
AW S, TN DDA MRIESHGHETIRE. AL
KA A 2 [ 5 (semi-circular bend, SCB) {4
HEAT PMMA (1RGN W 6 (a) Fw,
B R S5 RI0 R ST RE— 50, 4% RN 50 mm, il
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BEATAE T AR -1 R A W2 . i 5 B Uk Ay
EANO°, 10°, 20° , 30° , 40° , 43° , 47° ,
50° , MEIUAIKT 2 N2l T 70 by 2L v 4 11 R M 8 A%
R SR F R ST #TAS /Y Voronoi 25, B /NIUR R~ N
0.5 mm, FERTETHI VRGN, iRy %
ISR, B RHUA RSN 3 mm, {RIFAA
PRI R e I NG - LS

3v=0.01 m/s

0 0.5 1.0
Kiy/K1e

(b)) TR TR o e L4 R L

Ca) A7 DI I PG 5 A4

6 SCB HY Voronoi i EELHREL K IE NKIE S B 758 E
FitE
Fig. 6 Voronoi discretization model of SCB and comparison of
critical normalized stress intensity factors from

experimental and numerical tests
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XFF SCB A, I F I 7758 B A F- 1 S 3R I8 =
oy
K =YL Jmad (8)
If 1 2Rh
R:r
Ky =Yy oma )

X Y, Yuly SCB iIRFERIJLATZH, 5 a/R, S/R,
B AR, Ayatollahi Z5EPNZ5H 7 SCB FEAF AT Yis
Yu EUE. Wk 6 (b), ERIEUE brE 52 E b
I 5L 77 58 B PR K/ Kae A1 Kl Kie 15 A RS0 25

S, BUESE REAL RSB PEE N, HbEE
FREARAY, T BRI ITBY B 5 R AR Ak a4 5t
SERMECNYIE . Ho, RIS PMMA 1 T AL

ZAHE Kie N 2.13 MPa-m? « % 4 NEEFRE R
550 BIE RN L, B 30° KR RSN, H
A FE R 23 AN 10%. BT DDA iEA S
BT B EUE %, ERZ 2R, KR
ZEN LAEERZ o

x4 BUERERH SR EEXTEE

Table 4 Comparison of numerical and experimental load

RO ) BUEMEAN R ESIEAN  BRE/%

0 2.28 2.38 4.20
10 2.47 2.53 2.37
20 2.28 2.45 6.94
30 2.53 3.03 16.50
40 3.54 3.73 5.09
43 3.58 3.63 1.38
47 4.14 4.13 0.24
50 3.97 4.24 6.37

7 (a) " SCB AFEIITIREMUR A 00, FEATEK
ERR P2 AR 4l T RS, BRI DHTLE T RS
W& Ny A TR ELAE . B 7 (b) ~ (h) % SCB
RFE VIR MR p K, R0 TR S 7
iy . Kk, KA Voronoi 141 B L] DDA
LR IR IF MBSO, Ay e ik A2, 5 AR
I 2 RO — 2L

25 LRTI&, Voronoi ZiAJEE BT DDA JiLREH
BONUERHUAESL PMMA IX MG MBI 2E44T 0
X ER b€ TAEAE JG4E DDA J7ik il s SRy @
SHE- 2R

3 AR

AATET bR E 240 (3% 2), M Voronoi &5
B DDA J7iEMAl B ARG fe . 2400 X%
EhilE, Sl NREEREEL. Ray RILE. Y
iR, EEAE R Eh S REd ER
B4 25

U, /10m

(c) B=20° U, /110_5m
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7 SCB EHHREY R E 5 HIERIEL
Fig. 7 Comparison of numerical and experimental crack
propagation paths
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Fig. 8 Dynamic crack propagation model of self-similar crack
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Fig. 10 Self-similar crack propagation predicted by DDA
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ST R A, FE PR RS AR A HA B R
FEAE RIS (1) R ) B3 AT o DR T-AE RN W A%, i
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Fig. 9 Elastic waves induced by spontaneous crack in a pre-loaded

specimen
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Fig. 11 Self-similar crack propagation for both regular and

irregular discretizations under different pre-loads
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Simplified methods for deformation analysis of tunnel structures
considering spatial variability of soil properties

ZHANG Jin-zhang" 2, HUANG Hong-wei', ZHANG Dong-ming', PHOON Kok-kwang?, TANG Chong?
(1. College of Civil Engineering, Tongji University, Shanghai 200092, China; 2. Department of Civil and Environmental Engineering,

National University of Singapore, 117576, Singapore)

Abstract: The spatial variability of soil properties is widely accepted, and the response of a geo-structure can be significantly
affected by the spatial variability of the surrounding soil mass. The random field theory is a popularly used method to simulate
the spatial variability of soil properties. The stochastic analysis of horizontal convergence of tunnel is carried out using the
random field difference method considering the spatial variability of Young’s modulus. The random field difference method is
combined with the Monte Carlo method and finite difference simulation based on random field theory. A large number of
Monte Carlo simulations are adopted in the proposed random field difference method. Meanwhile, three simple and easy-to-use
methods for the spatial variability of soil are proposed: reduction factor method, amplification factor method and reliability
partial factor calibration method. Based on the statistical analysis of the calculated results, the suggested values of three
simplified analysis methods under different combinations of the horizontal scale of fluctuation, the vertical scale of fluctuation
and the coefficient of variation are given. This study may provide references for the application of spatial variability research to
practical geotechnical engineering.

Key words: tunnel; spatial variability; random field; scale of fluctuation; simplified method
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Table 1 Parameters of interface in numerical model

. Brhi R P W BTN
o TS . , .
/(GPa'm") /(GPa'm") (GPa'm'!)
2, 3 5.40 0 0
6, 7 5.40 120 10000
1, 4, 5 0.08 0 0

1.3 THEE

AT H R BEE 1) AT R R L g 25 kN/m?,
JPERTE N 34.5 GPa, THMALLN 020 TARMIESE y |
TR v WEEEM o ALy FIspPERE E 435
918 kN/m?, 25 kPa, 15° , 0.33 Al 20 MPa. A
R, BRep s 2 SN S ETE RN A PR 25
T RFEAAL . RAE AR S H 2 )AL k) 3 N
BB N B A DGR 5, KPR SR B 5, AR
R R E COV. A T AT b o AT 3P 2 [ AR S 1
ZHON RETEUS SRR 2, AR SCHEAT Tk 2 PR it 1T
BTk, COV 43 3 Nl, 4rmlh 0.1, 0.3, 0.5, R
29 124 T4 HIA 3 NAEE COVAEAE—IR.
T ANT 1~6 K-FAHSCEE B 35°8 60 m, " [a) 2 BE
B 1.5 m 3 60 m AZ Ak, 5 LB [ AF B B R 2
FIR RS, /5, Fon LARM & RN, T
ANI 7-12 A1 ANI 1 B AHKEEE 8 1.5 m, 7K AH
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Fig. 2 Converging trend of ADn statistics
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Table 2 Case design of random field

I‘{EA 5h/m 5V/m 5h/5v 5h/D 6V/D
ANI-1 60 1.5 40.00 9.68 0.24
ANI-2 60 3.1 19.35 9.68 0.50
ANI-3 60 6.2 9.68 9.68 1.00
ANI-4 60 15 4.00 9.68 2.42
ANI-5 60 30 2.00 9.68 4.84
ANI-6 60 60 1.00 9.68 9.68

ANI-7 90 1.5 60.00 14.52 0.24
ANI-8 29.03 1.5 19.35 4.68 0.24
ANI-9 14.52 1.5 9.68 2.34 0.24
ANI-10 6 1.5 4.00 0.97 0.24
ANI-11 3 1.5 2.00 0.48 0.24
ANI-12 1.5 1.5 1.00 0.24 0.24

2 REEIERBEMER DT

N T IAEA SR A R, AT T SERR T
FERBHEAT T LA - LA 10 5 ZRIREAG h 31)
DU 1] b i 3l X T P 38 73 g oy i 284 g 7 A B 222 70 A
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BHEMEA 1.3 TAANSHERRE—2. B3 (b)) R
(1142 BEATLA PR 22 2 BB R I — IR SR B TR 5 20 #r
i, HTFRRETER YL EQs BE, AFEZE
()25 (A AR Sk, oA+ Z A 3 i - 2R, AR iR
Gong “ERORIRFFT, 500 P18 45 4 A8 T 1) A 2 AT
TR A 1~2 fEE EAE, B RERTE 2R b
TIALREE B R E T KT | AR EE AR, R A
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Table 3 Case design and results of deterministic analysis

E/MPa 2.5 5 7.5 10 15 20
ADn/mm  86.18 52.82 3849 3043 21.75 17.24
E/MPa 25 30 35 40 45 50
ADn/mm 1431 12.17 10.76 971 873 7.97
E/MPa 55 60 65 70 80 90
ADy /mm 731 676 625 580 5.09 4.49
E/MPa 100 110 120 130
ADy /mm 4.03 3.63 329 3.01

Bl 5 45 T e A R R T KT U SR O & it
2, MBS AR, HERSCE A REE T IS S S B AR 2
PERFR . BEEHIEREIIE R, BEIE KT ISR H
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Fig. 5 Relationship between Young's modulus and ADn
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— BN, EEA T j ROHEZEARAE 95%1F
LT AP, Tt B B AR, W DR E
99%. TEATTH, K KRR R, gk &
FRAHA E 73 BT I OL T 1 95%F1 99% B AZ X (8] FFR, iX
LA 1% F AL S5 RE T 358 FE A BRAR 1 s i A
TEVESE R, B FORAE 251 T B — 12 Sl
BB X E ERZ 5, MRIE (4) 7] LIS RAE X
82 FR)AE R AR R, EMTARE 2K (5) AT DA 3 A 57
A ORGSR AR R AT R R B, SRR 4, 5
Iz
R4 ZEEXESTUTRR MRS TR R (6=60 m)

Table 4 Reduction factors of £ with & (=60 m)

BfS  ov ¢ () HH R FE S 6v/m

X [i] 1.5 3.1 6.2 15 30 60

0.1 088 086 085 083 0.79 0.80
95% 0.3 0.73 0.68 065 059 053 0.55
0.5 0.60 055 054 042 036 034

0.1 08 084 084 080 0.75 0.77
99% 0.3 0.69 0.62 055 052 048 046
0.5 054 049 045 036 031 0.29

R5 KFHEXESTUTHEMEENREAR (6=1.5m)
Table 5 Reduction factors of £ with & (6=1.5 m)

B REIE A TYSIUED AT AN [RIFE FE ORI 3
a4k 25 FE 2 (AR S ROR . 78 AR AH SR IR AE 52 mT
LER, HEFRBREAHNT, HHESRAME
TE—E R LR s RS LR 13, AR R
FREF AT DUR I M [ WX AN TBOR RN . Rk, AR SCHE
RETHE MR B, FFERH 95%A1 99% & 15 X 1) |
BRAE NV Fa AR, XK REGEAT & X+
Lup = ﬂLde ’ (6)

K, Lo ABEE KIS HAS 2 1) B A4S X A FIR,
Lae NBEE WS € 1 73 A 45 R PRI 1) L AR B gkt
ANHA B PR A T HOR REUIHUE, 1EAL Gutf e it
Fetih b, @RS R AT AN R RR EE R OR SR S B
Xof 75 ) 7% S 1 () TR 40 5 E

6,7 g T 2 R IR A A KSP AR DGR B AR L
TR IEISIR R 5. B 7 451 T AR =2 A AR
TR RESAE. B 7 (a), (b) /& COV N
0.1 15 Nk 95%F1 99% & 15 X 8] R 1E I T 152
ISR R B, B 7 AT %0, UK REURRHL
HRA 125 £4, BIFE COV LLE/NITEN T, BEiE
PSR IRIOR R B RN, COV RTTBUR R B 45
BRI .
< 6 BEBXEETHTHBEWSMARE (6=60 m)

BiE COV IK - AE S BE B Si/m Table 6 Amplification factors of ADy with & (=60 m)
X[ 15 3 6 14.52.29.03 60 90 N , o
= BEES 6/
0.1 091 089 0.89 0.88 0.87 0.88 0.88 ET covV B DRI 2 8/m
95% 0.3 0.81 0.77 0.74 0.75 074 0.73 0.72 (X 1] 1.5 3.1 6.2 15 30 60

05 072 0.68 0.62 0.59 0.58 0.60 0.59
0.1 090 0.89 0.87 086 0.86 0.86 0.87
99% 03 079 072 0.66 0.72 0.70 0.69 0.69
0.5 069 0.62 0.58 0.53 046 0.54 0.54

NT BRI G0 4H B AR R TE A [R] K A B [ A
JRPH B H A T A T U R U, AR
PR BT HER, S TAFRAS Tt E
FITR R =K, WE 6 s, B 6 (a), (¢) Al (e)
FORIIRIE 95%EE X A FHtEiE COV 73l
0.1, 0.3, 0.5 A=K, Ee6 (b), (d, (D
N 99%EAS XA N TR R E =B . HIE 6 Ik,
PERIE COV XTI ARTA BEMEm. COV K 0.1
i, P RS KZN 0.75; COV A 0.3 F10.5 i,
P R B RAE 518 0.5 F100.30 AN T B A X 1A 1)
ST, COV HISEME T K — 5o [FI, A3 K
SRR L (14T Dk 2R 0 A BT S B TR — e
AR, W LA (8 TR T A PR 25 R 2 B ) AR e 1
iopA
3.2 MKRE¥E

ST RE S B R R TR R B R E S
e AR SRR IR, TROK RBGE B X

01 1.07 109 1.10 1.13 118 1.16
95% 03 126 134 138 152 164 1.59
05 150 1.61 1.64 200 231 241
01 109 1.11 1.12 117 123 120
99% 03 132 144 161 167 181 1.88
05 1.64 176 1.89 230 265 277
R 7 KEHEXEBTUTHREEW S A ZH (6~1.5m)
Table 7 Amplification factor of ADn with & (&=1.5 m)
AfE K AE ORI 2 Gh/m
X [] cov 1.5 3 6 1452 29.03 60 90
0.1 1.04 1.06 1.06 1.08 1.08 1.07 1.08
95% 0.3 1.15 1.20 124 123 125 126 127
05 1.28 134 145 1.50 153 150 1.50
0.1 1.05 1.07 1.08 1.09 1.09 1.09 1.08
99% 0.3 118 1.27 137 127 130 132 132
0.5 132 144 154 1.64 185 164 1.62
Kl 7 (¢), (e) N COV HL 0.3 F10.5 KM T ik H
95% B A5 X A RS R K. BB %, Bi#E COV
IR, WK RBMBUERAERHERE K. /£ CoOV
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WX R BORAThR R, 12 3 2 X R TH AT 58 H
PRELR, AT LARE 7 (S T TR

8,9 ngh T 2B 1) S K SPAH R BE B AT COV
AR AE L 1) RTHE B 0 TR BObR 8 {H - SR 8,9 A4,
B/NIAREAEA 111, KON 5, ATEEEEFRbRER,

COV BEK, XS4 T R B b e (E R K . [RIA
XTELER 8, 9 FTLAE 2, 7KFHH I BE B AR b b A% Hh d5 /s
1B R e KA 23 5 1.06 A1 2,04, FHAT I, A 5%
P 0 o T 7K ST S T PR 0 T0T R b L ) 52 Yk
KT 7K AH B B8 IR 52

GEA A TSR AR AR, AR AR S TR
TEYSCSICRT 58 B 4 T R B A B 8 o B 8 (a) ~
(OB T COV RN 0.3 0L PR SEE PR N 2.7,3.2,
3.7 W5 TR EbR e 45 R 8 () ~ (f) A COV
0.5 BHZE R, COV Jy 0.1 I, IS4 T0 R 50
T 1.0~1.4, BAAEXEDN, FULTER 8 st R
COV = 0.1 (IZEH ., 7ER 8 Fent b, TR A LIRS
AN (PP SE P HR bR AN R AR S 2, e RE 41
73 T Z R AT A7 18 2 2507 0] A8 S 1 (1)

4 [FEERAYE N

N T AR IR TRERE M, ARV 55 E bR
TEHE (BT R R R R, P RIR L 3 Fp
W, SR 3 FhfEif ik T % e . 4 Huang 5122
TS, VRIEEPEEE LR 7 m, IR E
ARIYR 16 m, AIREL 25 m, FXGRIK) 3 PR
MR S5REE B AR EAE A 113, 2.58, 4.03. [F
i) b BRI RTE FE AE 3~30 ml®, 3 RhHERVE A
16 B b i P TE SR S PR L

3 PR ERE TR, BIASR . LS
. BRESEE SIS BRISBUR—3, (UpEE
HRAE . TERfE R b el B, BEIE I3 PRIk
HEREWm, FEHEEIE KPS 13.60 mm, ¥
4 35.93 mm. HTFE LS RATRTG, FRIEATRIEE
NBEIE KPS S 95% BAS X I8) BRI 17.14,

* 8 BEMEXEBTUTARESMARBIRE (6=60 m)
Table 8 Partial factors of reliability with & (=60 m)

LARKIPS COV=0.1 COV=0.3 COV=0.5
PE 5 /m p=2.7 p=32 p=37 p=2.7 p=32 p=37 p=2.7 p=32 p=37
1.5 1.11 1.13 1.15 1.34 1.41 1.47 1.69 1.82 1.97
3.1 1.13 1.15 1.18 1.50 1.60 1.72 1.88 2.07 2.29
6.2 1.14 1.17 1.20 1.62 1.76 1.92 2.03 2.28 2.56
15 1.19 1.23 1.26 1.76 1.94 2.14 2.52 2.94 3.43
30 1.26 1.31 1.36 1.99 2.24 2.53 3.02 3.64 4.40
60 1.27 1.32 1.38 2.01 2.27 2.57 3.32 4.08 5.00
R9 KFEHEXESTUTARESABITE (6=1.5m)
Table 9 Partial factors of reliability with ¢ (&=1.5 m)
IL3EViiES COV=0.1 COV=0.3 COV=0.5
FHES/m p=27 p=32 p=37 p=2.7 p=32 p=37 p=2.7 p=32 p=37
1.5 1.06 1.07 1.08 1.19 1.22 1.26 1.37 1.43 1.49
3 1.08 1.09 1.10 1.28 1.33 1.38 1.45 1.53 1.61
6 1.09 1.11 1.12 1.34 1.40 1.46 1.59 1.70 1.82
14.5 1.10 1.12 1.14 1.35 1.41 1.48 1.70 1.85 2.00
29 1.11 1.13 1.15 1.34 1.41 1.47 1.73 1.88 2.04
60 1.11 1.13 1.15 1.34 1.41 1.47 1.69 1.82 1.97
90 1.11 1.13 1.15 1.36 1.42 1.50 1.67 1.81 1.95
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Fig. 8 Values of partial factors of reliability incorporating different randomness levels
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Fig. 9 Effects of tunnel depth on horizontal convergence
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Table 10 Comparison of results of three methods at different %% Iﬁk :

depths (=60 m, &=1.5 m)
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Three-dimensional rigid limit equilibrium analysis method for
multi-block sliding in arch dam abutment

SUN Ping, ZHANG Qiang, CHEN Zu-yu, WANG Yu-jie
(Institute of Geotechnical Engineering, China Institute of Water Resource and Hydropower Research, Beijing 100044, China)

Abstract: Multi-block sliding is a common and important failure mode in arch dam abutment. The current stability analysis
methods established generally have certain deficiencies: a lot of assumptions must be introduced to make the problem static, or
some methods only discuss that the sliding mode of the individual block is double-face sliding along the bottom and lateral slip
surface. These methods are not suitable for solving the multi-block sliding problems of arch dam abutment. A new 3D limit
equilibrium method with a strict theoretical basis and simple calculation steps is proposed. More specifically, considering that
the sliding mode of each block is double-face sliding and single-face sliding, the method involves converting the multi-block
stability analysis to a non-linear minimum problem containing several degrees of freedom by creating the equations for static
equilibrium along x, y and z directions of each block and the equation for displacement compatibility of two adjacent blocks,
thus good convergence can be obtained by combining with the global optimization methods. The method proposed is applied to
a 3D wedge problem and the abutment stability of Xiaowan arch dam, so the validity and practicability are verified. The method
is actually an extension of 2D Sarma method in 3D multi-block field, and is theoretically supported by the upper bound theorem
of plasticity. Meanwhile, it gives the closed solution method for multi-block series sliding problems, and can provide an
example for the rationality verification of various 3D slope stability programs.

Key words: arch dam; abutment stability; multi-block sliding; 3D rigid limit equilibrium method; displacement compatibility
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Table 1 Statistical results of number of unknowns and equations in multi-block sliding problem
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Table 4 Strength parameters of rock bridge, joints and persistence

ratio adopted in stability analysis
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Table 5 Fs of sliding mass of left and right abutments
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Fig. 10 Schematic view of stepped slip surface of left and right

abutments

1050 m975m  JEMEMBIAHFE 975 m 1050 m

W

\ v\

---------------- GBEEEER=2.5 m GB =75 m
------- AMEEA=5.0m Y =100 m

11 BMESE h FRIBERB i ERIFHFEN SRR EE
Fig. 11 Schematic map of sliding direction of each block in sliding

Vi

mass under different step heights /

4 %5 g

(1) X HEHIE 2 ik B Bg 2 dl, 3
T AR RS . TP TR AR R ) = 4R e
SN, REE RN AR B O 2 AN B AR 2H R
AR, I g ST S B ) 0P A RE S AR AR B A
Z IR R PR 5 FE, AETC TR AR A 15 ANMBE 1
THOLT, AR e fE, AR AIAE N —
oA E B ERRAME N, 54 R R EE A
A DASRAS AT (rIUS SR fE

(2) ARXHERLLREIEE] —4E Sarma V5, J&
Sarma VATE =4 ZHRGUEIIHE, fEER LR T
YA 12 IR e FE A ST . X 22 B 5 g B 1a) @t i
T RXHES A = 4ER IR A 7 RO b, 7R
TH I AR I 1 v PR S U T TR S5 B

(3) ARSI ENH T/NEHI TR, XAEH
WUE K E WA GBI s e R b e v
BAT M, SRR, AFEEMEE B HEHRE
(T PR e B S v S e T I R TR e 3, HLBEE

SR b IR, K e R 5l BB R,
R H HALWIT AR5 2 R b S .

AR SRR BEIUIE 2 ek R 5 QI i A2 e
IHNERAT T RAGNER, X JraFEEEH T2
A I A T TH B, (HIFR P R AR SR TR
A R SCH N R N 2 PRI, X2
S I AT DR BHR AT TR — TR

SE -

(1] 2= 3, MR, g, & e HEsat M) HE
L, 7 AR A, 2000. (LI Zan, CHEN Xin-hua, ZHENG
Jian-bo, et al. Concrete Arch Dam Design[M]. Beijing: China
Electric Power Press, 2000. (in Chinese))

[2] Federal Energy Regulatory Commission. Engineering
Guidelines for the Evaluation of Hydropower Projects,
Chapter 11: Arch Dams[S]. Division of Dam Safety and
Inspections Washington, DC 20426. 1999.

31 &MB77, W, Wik, 5. Bulsat 5etm]. hE
JKF K B HERckE, 2002, (ZHU Bo-fang, GAO Ji-zhang,
CHEN Zu-yu, et al. Design and research for concrete arch
dams[M]. China WaterPower Press, 2002. (in Chinese))

(4] W Er. BFRIPIE R AT AT M. dEst: KR
i #t, 1980. (PAN Jia-zheng. Stability Analysis of Building
Structures and Landslides[M]. Beijing: China Water
Conservancy Press, 1980. (in Chinese))

[5] WANG R K. Key technologies in the design and construction
of 300 m ultra-high arch dams[J]. Engineering, 2016, 2(3):
350 - 359.

[6] KOTTENSTETTE J T. Block theory techniques used in arch
dam foundation stability analysis[J]. International Journal of
Rock Mechanics and Mining Sciences, 1997, 34(3/4):
573 - 578.

[71 GOODMAN R E, POWELL C. Investigations of blocks in
foundations and abutments of concrete dams[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2003,
129(2): 105 - 116.

[8] MIRZABOZORG H, VARMAZYARI M, HOSEINI M, et al. A
comparative study of rock wedge stability of an arch dam
abutment subjected to static and seismic loading[J]. Soil
Mechanics and Foundation Engineering, 2015, 52(5):
292 - 300.

[9] RECF, 2 7, WRCRE AR REUA IR ) = 2k
At frR AR E AT D]. A LRE SR, 2004, 26(3):
361 - 366. (SONG Zhan-ping, LI Ning, CHEN Fei-xiong.
Three dimensional nonlinear seismic stability analysis of

abutment jointed rock mass of high arch dam[J]. Chinese



152 "+ T OB % M

2022

Journal of Geotechnical Engineering, 2004, 26(3): 361 - 366.
(in Chinese))

[10] YU X, ZHOU Y F, PENG S Z. Stability analyses of dam
abutments by 3D elasto-plastic finite-element method: a case

study of Houhe gravity-arch dam in China[J]. International

Journal of Rock Mechanics and Mining Sciences, 2005, 42(3):

415 - 430.
(117 XERE, skt &0 T3 AR e R

R T R, A RS, 2013, 3515 T 2): 363 - 368.

(LIU Xi-kang, ZHANG lJian-hai, ZHAO Wen-guang. Stability

analysis method for arbitrary slip block based on dynamic finite

method[J]. of Geotechnical
Engineering, 2013, 35(52): 363 - 368. (in Chinese))

(12] ZWWIFh, W&, FF0, 5. LBRBNEGUT R E 2 Hri
SYEREANE LI TR . A 702 5 TR AR, 2010,
29(1): 8 - 20. (GUO Ming-wei, GE Xiu-run, LI Chun-guang, et

element Chinese Journal

al. Three-dimensional vector sum method employed in slope
and dam foundation stability analyses and its applications to
practical engineering[J]. Chinese Journal of Rock Mechanics
and Engineering, 2010, 29(1): 8 - 20. (in Chinese))

(13] TR DAL, PKEA, AL, 5. PRk s EIe o gt
JERE A 2 R RE AT ()], a0 53R S TR AR, 2011,
30(5): 910-916. (XU Wei-ya, DI Sheng-jie, ZHENG
Wen-tang, et al. Safety performance analysis of rock wedges
under left skewback of upstream dam line in Baihetan
hydropower station[J]. Chinese Journal of Rock Mechanics
and Engineering, 2011, 30(5): 910 - 916. (in Chinese))

(14] 22, TEM, B, 55 iRk RE & HUE 2
SE MR T F S 1 WD), B S5, 2015, 36(12):
3541 - 3547, 3575. (XIAO Zhen-zhen, WANG Deng-yin,
CHEN Jian-ye, et al. Static and dynamic analyses of
abutment stability and dam cracking of a roller-compacted
concrete high-arch dam[J]. Rock and Soil Mechanics, 2015,
36(12): 3541 - 3547, 3575. (in Chinese))

(15] 5k U, XM, ¥ 58, 55 W55V sV AR E TR
S AR PR T T S U SRS T L)), A
TRE2A4R, 2013, 3538 T 1): 239 - 246. (ZHANG Long, LIU
Yao-ru, YANG Qiang, et al. Global stability of Yangfanggou
Arch Dam by 3D nonlinear FEM analysis and geomechanical
model tests[J]. Chinese Journal of Geotechnical Engineering,
2013, 35(S1): 239 - 246. (in Chinese))

[16] #E4, & K, BRI, 55 W Qs SR S5y
T 55 40 L SR 7E K U A PR 7 BT [J]. K224, 2016,
47(7): 907 - 915. (YANG Bao-quan, ZHANG Lin, CHEN

Yuan, et al. Study on weakening effect of structural plane and

stability analysis of Jinping I high arch dam[J]. Journal of
Hydraulic Engineering, 2016, 47(7): 907 - 915. (in Chinese))

[17] VRPN TE: DL/T 5346—2006[S]. 2006. (Design
Specification for Concrete Arch Dams: DL/T 5346—2006[S].
2006. (in Chinese))

[18] iR %L LT FTE: SL 282—2018[S]. 2018. (Design
Specification for Concrete Arch Dams: SL 282—2018[S].
2018. (in Chinese))

(191 AEFSC. IR £ 7€ 70 M vh AR 2477 R 4 1 2 P AL A
] K S R, 1991, 19(3): 120 - 124. (REN
Qing-wen. Linearized solution to the nonlinear equations in
stability analysis for arch dam abutment[J]. Journal of Hohai
University, 1991, 19(3): 120 - 124. (in Chinese))

[20] BRAHAE, AN, B fE, 55 E BUL AR E 2 AT - R
HLJ7E-RE P M]. AE AT A KR K L S Rk, 2005.
(CHEN Zu-yu, WANG Xiao-gang, YANG lJian, et al. Rock
Slope Stability Analysis-Theory, Method and Programs[M].
Beijing: China WaterPower Press, 2005. (in Chinese))

[21] BRAEJE, SRS, /NN 3R e = 4k 53 H7 (0 IR~
T, & TR, 2001, 23(5): 525 - 529. (CHEN
Zu-yu, MI Hong-liang, WANG Xiao-gang. A three-
dimensional limit equilibrium method for slope stability
analysis[J]. Chinese Journal of Geotechnical Engineering,
2001, 23(5): 525 - 529. (in Chinese))

[22] ZF5, FHE, BERL — M =4Ed i e o
MroTiE[)]. & TRE2ER, 2003, 25(5): 611 -614. (LI
Tong-lu, WANG Yan-xia, DENG Hong-ke. An improved
method for three-dimensional slope stability analysis[J].
Chinese Journal of Geotechnical Engineering, 2003, 25(5):
611 - 614. (in Chinese))

(23] oAk, SRR, B30T, S MR E =
AR PR T vk N [7]. A b TR SRR, 2013, 35(12):
2276 - 2282. (LU Kun-lin, ZHU Da-yong, GAN Wen-ning,
et al. 3D limit equilibrium method for slope stability analysis
and its application[J]. Chinese Journal of Geotechnical
Engineering, 2013, 35(12): 2276 - 2282. (in Chinese))

[24] HOEK E, BRAY J D. Rock Slope Engineering[M]. Boca
Raton: CRC Press, 1981.

(251 o E K B PG AL B v B . RE R A 0 A
MM, JbR: D7 H R E:, 2004, (Northwest
Investigation Design and Research Institute. Analysis and
studies on project and major technical issues of Super-High
Arch dams[M]. Beijing: China Electric Power Press, 2004.
(in Chinese))



$44% 1M " L T #M ¥ Vol.44 No. 1
2022 4F 1H Chinese Journal of Geotechnical Engineering Jan. 2022

DOI: 10.11779/CJGE202201015

% AR TL AR S R R M SRS R I T 51

FERM VP, BEEET, AEAR, ANEM, FEL'
(1. TR R ERA R AT, & T M 5104405 2. TR T KRS0 TRES%BE, T4 7 M 5100065
3. M ERSERGRAR, J74& M 510030)

& E: BEEEREN (DPC ) &R B AR BT SR, 7R A LU 3 R b 35 L 2 R A
TR B BRI ROR, BRI EE R 110 R 5 . FFIE T DPC MRS FLA A T B3I R i s B A,
I3 T LA DPC MEAREMERE . i SRR e . BEOUBE BEL ) oy A B IR S0, 58 B RAE 1 SR AR I = 4 J LA R s
[F] RS S, $87R T IR AL EE B AR R R . 45 3 N 21 OFEsAR A 154 T DPC HE I 2L - SR il
LRIINBEREDY, DPC MR ARE AT B v AR BE A . Qi3 5 3 FLT B R FLIR A 25 7 7 SEL AT 5 S A 0] B8 8L 7 g 48
K, PHEE I - [RIBR SRR S 5 S N BERE 7 T . @IRFLEEm T E - L im] B SR it sl e
CSCAR T AN S A AT ) TR RR RIS, 30K At F S e A P 8L 7 2 F RSB AR IR s e SR A P T A 5 L A 5 i)
HEAEEBE S A R B B DR 2R A BE B )5 Ve AR A B A B (Y = R UG R

KHEIR): BHATIRAENE: PEANRLG: BRAL: MEMIEERH s R fardkikis

FESES: TU43 XHRFRIRAD: A XEHS: 1000 - 4548(2022)01 - 0153 - 10

EER . ERM(1988— ), 5, L, #HLjE, &P LR, FENEITUESIFRIE R RS A% oK 1R
HEM LT ROLEE  JEB% A AR R R R B 73 JR ML B S5 7 TR A 9T TAE . E-mail: zhenkunhoucqu@163.com.

Physical model tests on bearing performance drilling with pre-stressed
concrete pipe cased pile considering hole collapse

HOU Zhen-kun" %3, TANG Meng-xiong' *, HU He-song', LIU Chun-lin', SU Ding-1i!
(1. Guangzhou Institute of Building Science Company Limited, Guangzhou 510440, China; 2. School of Civil and Transportation
Engineering, Guangdong University of Technology, Guangzhou 510006, China; 3. Guangzhou Municipal Construction Group Co., Ltd.,
Guangzhou 510030, China)

Abstract: The drilling with pre-stressed concrete pipe cased pile (Referred to as DPC pile) is a typical non-squeezing soil PHC
pipe pile foundation. During the process of its hole drilling, soil dumping and pile sinking, the hole collapse around its pile shaft
will affect the flow path and effects of the grouting in the clearance between the DPC pile wall and hole wall, and ultimately
affect its skin friction. The physical model and static load tests on the DPC piles are carried out. The load-carrying properties,
load transfer characteristics and skin friction distribution characteristics of the DPC piles are analyzed. Three-dimensional
geometric size and spatial point information of grouting body for the DPC piles are quantitatively characterized. The essential
reason for the skin friction of the DPC piles due to hole collapse is revealed. The following conclusions are drawn: (1) The
load-displacement curves of DPC piles are all steep drop types under the conditions of no rock-socketed pile end. The DPC
piles are a kind of friction end-bearing ones. (2) After grouting, the collapsed hole is filled with grouting to increase the friction
resistance, and the bypass of the slurry in the falling sand area causes the friction resistance to drop. (3) The existence of hole
collapse affects the flow law of the groutting in the pile-soil gap, and changes the area and thickness of the pile body covered by
the grouting body, which is an important reason for affecting the skin friction. The area and thickness of the grouting body
covering the DPC piles are the important factors that affect the skin friction. The skin friction of the DPC piles has a good cubic
function relationship with the grouting volume.

Key words: drilling with pre-stressed concrete pipe cased pile; physical model test; hole collapse; skin friction; grouting; load

transfer — —
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Shaking table tests and numerical simulations of dynamic interaction of
soil-pile-nuclear island system

JING Li-ping" %, WANG Gang?, LI Jia-rui?, SUN Yun-lun®, ZHOU Zhong-yi?, QI Wen-hao?
(1. School of Disaster Prevention Science and Technology, Sanhe 065201, China; 2. Institute of Engineering Mechanics, China Earthquake

Administration, Harbin 150080, China; 3. China Nuclear Energy Technology Co., Ltd., Beijing 100094, China)

Abstract: The dynamic response characteristics of soil-pile-nuclear island system are studied through the shaking table tests.
The distribution pattern of internal force, deformation mode and failure mechanism of piles are analyzed. The test results show
that when the RG160 artificial waves of different amplitudes are input, acceleration amplification occurs in both the soil layer
and the pile foundation structure. The peak value of the amplification coefficient of the free field far away from the structure
appears on the soil surface, while the peak value of the amplification coefficient of the soil layers between piles appears in the
middle part, which indicates that the pile foundation has a certain influence on the acceleration amplification of the soil layers.
The peak value of the amplification coefficient along pile appears in the middle part and then decreases near the pile cap
indicating that the superstructure has a significant effect on the acceleration amplification distribution along the piles. The shear
force of pile body is the maximum at the pile-cap connection and decreases with the increase of depth, while the bending
moment is larger at the top and middle upper positions of the piles. The pile-cap joint and the middle part of the piles (about 6
times the diameter of the piles) are the weak point of the piles, and the failure modes are tensile shear failure and bending
failure. The failure sequence of the pile groups is that the piles at one side along the vibration direction are damaged first and
cause the failure of the middle corner piles, then the middle piles are damaged, and the piles at the other side are destroyed
finally. The possible failure mechanism of the pile groups under horizontal seismic loads is that the piles at one side along the
vibration direction are more likely to be affected and damaged first by the earthquake because of the weak constraint of the
around soils, and then cause the destruction of other piles. The conclusion can provide reference for the seismic design of pile
foundation of nuclear island plants.

Key words: nuclear island; pile foundation structure; shaking table test; dynamic response; numerical simulation
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Development and verification tests of deep-sea sediment-structure
interface equipment

ZHENG Zheng', YANG Gang', ZHANG Shi-xing', SUN An-yuan', KONG Gang-giang?, WANG Yin!, YANG Qing'
(1. State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116023, China; 2. Key Laboratory

of Ministry of Education for Geotechnical Mechanics and Embankment Engineering, Hohai University, Nanjing 210024, China)

Abstract: The characteristics of deep-sea sediment-structure interface is one of the key problems in the design and calculation
of offshore platform structures. However, there is a lack of experimental devices and methods for the characteristics of sea
sediment-structure interface. Based on the geotechnical static-dynamic hydraulic triaxial shear apparatus in Dalian University of
Technology, a set of structure-soil interface instrument is developed. The development ideas, technical advantages and
application methods of the test devices are introduced. The reliability is verified through the tests on the characteristics of
undrained deep-sea sediment structure interface under static and dynamic loads. The influences of roughness and dynamic load
ICSR on the mechanical behavior and the development law of pore pressure of the interface are preliminarily discussed. The
results show that there is no obvious strain-softening phenomenon in the development of the interface stress during the
installation process of low roughness pile, while the stress curve shows a trend of strain-hardening under the influences of high
roughness. From the pore pressure accumulation curve, the interface soil has experienced the trend of shear shrinkage first and
then dilatancy, and with the increase of roughness, the failure surface gradually migrates from the interface to the soil. Under
the dynamic cyclic loads, roughness II structure presents pull-up sliding phenomenon with the increase of cyclic times, and
along with the accumulation of dynamic pore pressure, the interface presents stiffness-weakening phenomenon. The cumulative
plastic strain of the interface tends to be stable when the cyclic times is 300, and finally the normalized dynamic pore pressure
of the interface is 0.22. The instrument provides a precondition for the studies on the characteristics and mechanism of deep-sea

sediment-structure interface as well as the establishment of

HEeWB: EXERRHEETERGH (51890912); HZK HAREE
EIH (51639002); HRmBIE AR #0TH (DUT21LAB118)
dynamic load; interface pore pressure; triaxial test i HEHEA: 2021 -02-09

*E S/ (E-mail: qyang@dlut.edu.cn)

constitutive model for the interface.

Key words: interface instrument; deep sea sediment;
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Table 1 Basic physical properties of marine soft clay from South

China Sea
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Table 2 Detailed parameters of mud and soil sample
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Table 3 Design test schemes of static and dynamic loads
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Fig. 6 Stress-strain curves under static loads
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Imbalance thrust force method for transferring the maximum thrust force

CHEN Wen-sheng, DAI Jia-ning, JIANG Mao-lin, LI Ying-hao, LIANG Yao

(School of Civil Engineering, Changsha University of Science & Technology, Changsha 410114, China)
Abstract: The imbalance thrust force method (ITFM) is widely applied in the field of slope analysis and design because of its
simple model, explicit calculation process and ability to calculate the overall landslide thrust. Because the mechanical model of
the slice method is a statically indeterminate model, the existing slice methods are derived from various simplifications,
including ITFM. As a statically indeterminate model, the slice method theoretically has innumerable solutions satisfying the
equilibrium conditions. Among these innumerable solutions, there are reasonable and more representative solutions, such as the
solution with smaller safety factor. According to the idea of ITFM and following the principle of the limit state method for
design and calculation, this study tries to find the maximum force between slices for ITFM solution, that is, the maximum thrust
force. Under the premise of taking the overall safety factor of slope, the solution of this study ensures that the shear force
between the slices does not exceed the shear strength between the slices, so that the maximum inter slice force can be
transferred between the slices. The theoretical analysis and example calculation show that compared with the traditional ITFM,
the improved method can obtain a larger landslide thrust of the corresponding sliding surface of the slope under the premise of
meeting the limit equilibrium condition, and obtain a smaller safety factor than the traditional ITFM. This study is an significant
and useful improvement on the traditional ITFM.

Key words: slope; imbalance thrust force method; inter-slice force; improvement method
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Table 2 Safety factors
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Design of backfill materials for driving steel sheet piles and pile forming tests in
gravel layer

LIN Peng-zhen, MA Jun-jun
(School of Civil Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)
Abstract: In order to solve the construction problem of inserting and driving steel sheet piles in pebble layer of rivers, a new
type of lead-through backfill made of clay, bentonite, sawdust, cement and other materials is developed. Using the multi-factor
orthogonal test method, the influence law and mechanism of the components of the new backfill materials on the compression,
shear and impermeability properties of the backfill-solidified body are studied, and the construction mix proportion meeting the
design requirements is given. The actual embedding effect of steel sheet piles is verified through the field comparative tests.
The research results show that the content of silty clay has the most significant effect on the cohesion and compressive strength
of the backfill aggregate, while the sawdust content has the most significant effect on the friction angle and impermeability of
backfill aggregate. Under the maximum horizontal load, the average horizontal loading displacement, unloading displacement,

compressive stress and proportional coefficient of horizontal reaction coefficient of foundation at the steel sheet pile top after

construction of the same type of projects.

using the new type lead hole backfill are 46%, 28%, 1.39%, and 2.8%, respectively, of the steel sheet pile after backfilling with
actual embedding effect of the piles is better. The new type of lead backfill has the comprehensive advantages of convenient

0 3

Key words: steel sheet pile; pebble bed; guide hole backfill; orthogonal test; pile foundation test
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on-site muck, which proves that the new type of backfill has greater soil stiffness and stronger resistance to deformation. The
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material acquisition, convenient construction and good material performance, and can be popularized and applied in the

=
B, TR, FTEEMMH, SR
AR U, O E AN R SR AN ST TR S

B VTN RIS R E, AR o

TR L, Wt B XS 2 5 R il
A, TR T IR R L b DL R

EeWE: EXERBEREEERTIH (11790281); Hili & @R
WiH (JK2021-03)
s AR 2021 - 01 - 23



188 "+ T OB % M

2022 4E

HHUR, WUR ARSI, 218 SRS T A
e, ARTEEOR, R AR TR HAT, Rt
HRAT HE B TOAm T R BAEE R IR R, TREFOT
KT R IS L BISEORL, AR5 4 T A AR A
Wit T2, A R g 1 FERLRE (1 R R 12,
CRSE R ) 1 B2 2 R L Y e AT ) S A A 2
AN AR A TR RE ST, el AR AR T 5L
[ SFORL & Tt T i, R AR R A A
M HUR B [RISEORE, A SCRVE th A [REORH A R RE SR
PREDR, 306 TR 51 LR RO AR It 57 2 SR ANA
AR

ASSOIRAE I SE bt DL A& T 38T A 5| L [ 350k
i3 2 PR AR IR A, BT TR A RO A R AL
Xt Bl SFORHEE [ (R T . BT A PTE LRI R AR 5
PLEE, 25t 16 R I it T 2% A0 T 2R 1 [l SR}
Be A b, I ERE /o 2 RE B X LG, XN
AR P S B R [T 28 R AT T 98AE

1 FhB 5| FLEERHF
1.1 EHRE%EE

e SER} P 85 2H s Ji ARk T [ S} (1 ] S5 i 72 5 ) 2
PERBAETERCIA . LA 51 FLIRNER S H 2 R A o
SR, VA %R AR AR W FE . Sy bERe,
WA % HE— RS TR LG, RAERE e TR
P4 .

TR AN 51 FL AT SRR A BT R A R bR HE 1)
AR, A G FLIEIERP R TR v Ok
AKVRAERE AT, ARAE T B AT . @ik F R
TAERIEEER, GRAEOKYE . B AR M, RIS
FEIT 532 I . @t UM 1% F 2 ok o3 & AR A
ikl LUK E, SIEREES R LA
[FAR T RE U5, @3k AR RAE s, FIFHE R
MRUR WA MESR . et aefe e BA B esig
PEUSL S [l SERb S R KA B TR G s
AMER AR, REWS/KIE. A4S, 18
WESTE R 2L, R —ErE e .

1.2 FHES|FLEERECEE

NERAS T B 5| AL B E L 2H 43 % B A M R I
M, SR IEASRE Wi kT, oK. B g+
BE. WEIBE. SRBENEZRITMN 4 MNER
(4, B, C, D), BANHREIEI 3 ANKF, HEill
5T, TERTIARIR R RIS Enl b, e KA LK F
4 0.58, 0.62, 0.66; )i LB EKTH 60%, 65%,
70%; IZELEBEN 3.5%, 4%, 4.5%; HEARBEAN
0%, 3%, 5%, FHHE D HONS R R b B R

HNRESH . LA R R R KPR 1R,
FIERHE 3 IE 4 KT RS HEIERSR Lo (3Y) it
9 HlE, WK 2.

=1 MBEERE AL ERKTE

Table 1 Factor levels of mixing ratio of the new backfill

K A B/% Cl% D/%
1 0.58 60 3.5 0
2 0.62 65 4.0 3
3 0.66 70 4.5 5

1.3 B SIFLEERE &5 7P

il s B A Gl SLIRRN, SR “ =R AT
A B, I L AK 2 i ] ] T
Lok, MNAHIEZA 24 h J5 & BB 00, fEHE
ERNIMA R L JERAUKYE, H5IHE: =
2, HEMENIANZE LR, IAFIRIIHEGKTE
TPBERE RGBS i I Bl ORI AN 70.7 mm X 70.7
mm X 70.7 mm IFRAESL TR IR, HARTRYT 24 h A
FTRAAE . O T RRAOK RIS, Rl B A R K
FRAP A — S N 8] JE AT MU EE ) 2 v R R

2 #BIS|FLEHERLELS IR NF M

CARETTIE
2.1 FRESIFLEBERHE B A IR

S Ok HREa bt iRe) U, xf 9 AR
He bE B0 el SECR R A A 3R 4T 3, 5, 28 d HT R BRI,
SRR 2 PR

HIZ% 2 W5, 3 d I [RlEORHEESS AR TS 9 AT Ik
0.248~0.948 MPa, 5d Ja5#ELE 0.310~1.332 MPa.
TRESEBRA, RN AR 48 77 I 7D 968 5 SRV el
BEMRIBCEE, POt 2 ZORI A R T 23
Hr B M DR R0 [l SFORLERES 14 3, 5, 28 d FUH s Y
s, O BRI A R BT RZE b, SRR 3.

M 3 TTRA, o e 0] [ SROR R 45 1A 470 s o P
Mtk Z A ok, HUONKEZEE . R Az £, it
Hor 5 2t X [ RO} 9l P T R TR
2.2 FHESIFLEBERHA B R A IG5

WG SLIRERHE S AR R T ¢ N EEE A ot
S W [l SFORLEE S (A U BT 9 2 (0 B AR, [RlSFORLESS
R ¢ MR EBTACGHHATINGE , RS RINHTER 2
PR XHRBERHEESS R TRY 5 d I &R AN BES A
BEATHRZE BT, SR AEK 4, 5.

HI3& 4 AT, SRR T ¢ BB BRI
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Table 2 Orthogonal experimental results of backfill materials
w5 ESES PULSRZ fo/MPa PUBYSRE BIEFRK
'S A B/% C% D% 3d 5d  28d  BEIickPa WEESMe/() /(10 °cm-s 1)
1 0.58 60 3.5 0 0948 1.332 3414 62.98 14.47 0.032
2 0.58 65 4.0 3 0.582 0.744 1901 54.07 11.73 0.117
3 0.58 70 4.5 5 0296 0460 1.156 37.48 10.00 1.380
4 0.62 60 4.0 5 0.605  0.907 2.179 60.52 10.55 9.810
5 0.62 65 4.5 0 0439 0.674 1.875 46.08 12.57 0.061
6 0.62 70 3.5 3 0.281 0.400 1.132 37.79 9.15 0.451
7 0.66 60 4.5 3 0.532  0.705 1.781 51.32 10.58 0.152
8 0.66 65 3.5 5 0327 0.448 1.100 39.32 8.46 60.800
9 0.66 70 4.0 0 0248 0310 1.091 26.11 9.87 0.122
% 3 HEBERES
Table 3 Analysis of extreme difference of compressive strength (MPa)
3d 5d 28d
K2
HEA4 HWEB WHEC HWED HWxEd4 WEB HWHERC BWED HWER4 HEB HWEC BEED
1 0.609 0.695 0.519 0.545 0.845 0982  0.728 0.772 2.157 2.458 1.883 2.127
2 0.442 0.449 0478 0.465 0.662 0.622  0.654  0.618 1.729 1.625 1.724 1.605
3 0.369 0.275 0.422 0.410 0.488 0392  0.613 0.605 1.324 1.127 1.604 1.478
W7 0.239 0.420  0.096  0.135 0.358 0.590  0.115 0.167 0.833 1.331 0279  0.649

R4 HBHRESH

* 6 [EIARLEESIE 28 d BERBIRE D

Table 4 Analysis of extreme difference of cohesion ¢ (ypy) Table 6 Analysis of 28-day permeability coefficient of backfill
KPR WE4  HWEB  WEC  WED aggregate (10%em-s ')
1 51.506 58.269 46.694 45.055 Sk F% 4 % B K&EC WWED
2 48.127 46.489 46.898 47.722 1 0.519 3.341 20.437 0.081
3 38.916 33.792 44.958 45.772 2 3.441 20.326 3.350 0.240
e % 12.590 24.477 1.940 2.667 3 20.358 0.651 0.531 23.997
x5 NEBRRAREDT W7 19.839 19.675 19.906 23.916
Table 5 Range analysis of internal friction angle ¢ )
KFAM  HEA  WEB  WEC  HED 3 FBS|IFLEHERB TIEN
1 12.067 11865 10.690 12.301 3.1 IIEHR
2 10.755 10.921 10.716 10.487 SRR AR (70 m+104 m+-128 m+104
3 9.635 9.670 11.050 9.668 m+70 m) LGRS, MR SEA R Al AL R
Wz 2.432 2.195 0.360 2.633 Wi, ARG RABARIGE T, &G Z RN

2.3 FHES|FLEHERISIE NG

N T SREHT AL 5 LIRS B B AR, AR RREDS)
BHATBIE RZEERE, RIGE RURTR 2 Fon. &l
FHXTBIE RBINZE TS R IR 6.

M3 6 A%, WMABERMIWMEMERK, HIKEE
HLEBENKKL, RN RRELBE, Frblsgm
[FIERLEESE R 28 d ¥23E KRR E MR LR S
. WTHBERKE N TR, MESEAB EEHE
3%LA o

BRAE BB 7 VAT B4 . AR D037 TR o h A 4 5
TR, MR R O O R AR L
LRI R H R T AT Ve 45 Toi 4G T RV DA 2 1)
R, REUCARIZE AT 540, IR G H
FHFTERRAE 1t T T2 DN T SRR ATE B 0% IR S 4T
B —EIRE, R EHAM RS, 5 R AR 150~300
kPa SN, BiBERH/NT 1X10° cmYs, MANET
BLORIUE— 3 PR R 2K .
3.2 ECALLHE

S5 6 HR i 45 11 [B] SRR B 25 14 5 48 Br 11 22 4k R
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Table 7 Proportions meeting design requirements

N FETBE  fERBE PR 5 /MPa @ BIERH
KR c/kPa i

/% /% 3d 5d /(°) /(ecm?-s ™)

0.64~0.66 4 3 0.16~0.22 0.22~0.30 27.72~35.76 8.33~9.38 <1X107

N T AR EERNE S AR E R B R BTSRRI
K, BURKBEN 3%. N T liRFERRELE ARG
REIAEIRAL, BUEEBEN 4%, N TS RER
BELE A SRS JE SR AE 150~300 kPa P o £ 0% 1k J5 3R 15
(RHEFRL A LR 7 s

DRRARAE — 52 N iR 22 30 FE Y TG [RBEDR) E s A2
T REFE AR, HEFE R A T C & LRk IR B 0,66,
MRF LB E 68%, i LR 4%, FHRBE 3%,
ForE oy Lo SRR o R e A B 1) 5 4 B
3.3 SNiRMEEREL RIA IR

IR CRFNEEA M B ARG WA E, 4
ARG, RGBT 8 RIRIAE, Hb, 4
MR L REEL, 08 S; 4 HRZHT S| FLIAE
BE 0N To 6 F S 2R IV ELAR AR ML, £15 A SY295,
BN 9 m, MK 400 mm, #H%EEA
170 mm. AEFARIG IR S50 A B W 1 Fis.

1 RERBS YR HERE
Fig. 1 Schematic diagram and layout of model parameters
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Fig. 2 Diagram of actual loading process
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Fig. 3 Relationship among horizontal displacement of pile top,
loading times and grades
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Fig. 4 Relationship among pile top stress of each pile foundation,

loading times and loading levels
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Fig. 5 Relationship between horizontal displacement of each pile

foundation and depth
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Disaster analysis and countermeasures of large accumulation in reservoir areas

ZHAN Zheng-gang', CHENG Rui-lin', SUN Wei' *, ZHANG He-zuo'
(1. Power China Guiyang Engineering Corporation Limited, Guiyang 550081, China; 2. College of Water Conservancy and

Hydropower Engineering, Hohai University, Nanjing 210024, China)

Abstract: The volume of RS accumulation of RM hydropower station is as large as 47 million m?, which is huge and close to
the dam site. In the process of reservoir impoundment, the physical and mechanical parameters of the slope are reduced due to
the hydrodynamic effect, which may cause instability and damage to the safety of the project. In this study, the rigid body limit
equilibrium method, virtual power method, finite difference method, finite element strength reduction method and
three-dimensional numerical simulation are used to analyze the stability and catastrophe process of RS accumulation body. The
results show that the slope is basically stable in the natural state, and the possibility of edge stability and instability is great with
the rise of water level in the process of water storage. The state of slope stability changes from the process of stability-
deformation—local instability large—scale instability—largest—scale instability to the catastrophic process. The simulation
reveals the generating process and propagation law of surge under instability, and its risk is analyzed. The research results can
provide a meaningful reference for similar engineering problems.

Key words: stability analysis of accumulation; safety factor; catastrophe analysis; surge landslide; risk evaluation; prevention
and control measure
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Table 1 Physical and mechanical parameters of rock and soil for

stability calculation of RS accumulation
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Fig. 1 Model and failure mode of RS accumulation
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Table 2 Calculated results of maximum sliding velocity of RS
accumulation under three sliding conditions
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