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Discrete Element Modeling and Parameter Calibration of Typical Soil
in Maize Field Tillage Layer
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(1. School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo 255000, China
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Abstract; To obtain the parameters of different soil in the maize field tillage layer, the typical soil of the
maize field tillage layer was divided into ordinary soil ( PT) that was not in contact with maize stubble and
soil (GT) that combined with maize stubble to form a root-soil complex. The discrete element parameters
were calibrated by combining physical experiments and discrete element simulation. Based on Hertz —
Mindlin (no slip) contact model, a four factor and five level simulation test was conducted with the
central composite design of experiments method and the soil accumulation angle as the target value.
Based on the Hertz — Mindlin with bonding model, the Plackett — Burman test, steepest climbing test and
Box — Behnken test were designed by using Design-Expert software. The significance parameters were
optimized with soil hardness as the target value, and the optimal solution combination for PT was obtained
as follows; normal stiffness per unit area was 4. 37 X 10" N/m’ , shear stiffness per unit area was 1. 46 X
10" N/m’ | critical shear stress was 3. 24 x 10° Pa. The optimal solution combinations for GT as follows
normal stiffness per unit area was 5. 19 x 107 N/m’, shear stiffness per unit area was 4. 25 x 10" N/m?,
and critical normal stress was 4. 52 x 10° Pa. A soil direct shear validation test was conducted based on
the parameters calibrated for two types of soil. The results showed that the relative error of maximum
shear stress between the simulation and measurement of the two types of soil was less than 10% ,

indicating that the simulation parameters were reliable. The soil particle modeling method and calibration
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method proposed as well as the calibrated parameter values were accurate and reliable, and can provide a

theoretical basis for the construction of soil models in maize fields.

Key words: maize field cultivated soil ; maize root-soil complex; discrete elements; parameter calibration
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Fig.3  Soil accumulation angle and boundary image
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Fig.4 Linearly fit results
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Fig.5 Soil hardness detection test
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Fig.6 Soil direct shear test
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Tab.2 Design of simulation experiment for soil

accumulation angle
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0 0.8 0.2 0.8 0.2
1 1.2 0.3 1.2 0.3
2 1.6 0.4 1.6 0.4
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Fig.7 Simulated soil accumulation angle measurement
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Tab.3 Plackett — Burman test parameters
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i 45 4 5 ) W g/ (Nem ™) 1 x10’ 9 %10’
R 235 B 7] 1] W JEE g/ (Nom ™) 1 x107 9 %10’
22 ) R BR B ) %7/ Pa 1x10° 9 x10°
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Fig.8 Simulate soil hardness measurement
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Tab.4 Soil accumulation angle experimental design

and results

e K He o/
X, X, X, X, (°)
1 -1 -1 -1 -1 20. 00
2 1 -1 -1 -1 20. 50
3 -1 1 -1 -1 36. 00
4 1 1 -1 -1 37.50
5 -1 -1 1 -1 21.25
6 1 -1 1 -1 24.50
7 -1 1 1 -1 41.67
8 1 1 1 -1 44.50
9 -1 -1 -1 1 23.50
10 1 -1 -1 1 22.00
11 -1 1 -1 1 41.50
12 1 1 -1 1 41.00
13 -1 -1 1 1 29.25
14 1 -1 1 1 29.75
15 -1 1 1 1 42.75
16 1 1 1 1 46. 00
17 -2 0 0 0 11. 00
18 2 0 0 0 32.00
19 0 ) 0 0 14.30
20 0 2 0 0 55.50
21 0 0 ) 0 0. 00
22 0 0 2 0 39.25
23 0 0 0 -2 30.75
24 0 0 0 2 39. 00
25 0 0 0 0 42.00
26 0 0 0 0 43.00
27 0 0 0 0 40. 50
28 0 0 0 0 39. 00
29 0 0 0 0 41.00
30 0 0 0 0 46. 00

(] D57 DX 38 PAY L AT A e AU 2, A A A A T 2 R
SR A R N e - B BRI R(X,) (-
TR BERE DRBC(X ) 0 R X XS X HE R B
R (P <0.01) , HAR TR Wi 4R B 2% (P >
0.05) . th F{E R, 4 PR30St 3l B2 52 i ¢ K %)
ANy o Bl R A IR R e R A D R - R
VR4 DA R 0 B 4 D B

PLPT Hl GT 52 Brsfie AR S A8 , 4 05 52 8ot
Frietl, i B Design-Expert £ {5 X 0043 ) 77 72 2
T BAER A, 23 5 LSS BRI PT HERR AR A1 GT 3 AR
i1 34.75°H1 42. 40° g H bx , JEAT O0 ALK iR, 15 ) 2
TR, B PT F1 GT 5 filh 2 B e A0 i a3 6
PR o
2.1.2  PT #l GT He A Fe L S 48k

Shy A 6 RS Y TN I A P, R N T I T 45 SR

x5 TEERARBAESN
Tab.5 ANOVA for soil accumulation angle test

T HIr AmE FIrm F P

R 9 265.2 14 3712.74 6.25 0.000 5 **
X, 111.93 1 111.93 2. 64 0.125 1
X, 2064.06 1 2064.06  48.66  <0.000 1"
X, 562.31 1 562. 31 13.26  0.0024"
X, 89.44 1 89. 44 2.11 0.167 1
X, X, 1.17 1 1.17 0.0276  0.8702
X, X, 6. 04 1 6. 04 0.1424  0.7112
X, X, 2.5 1 2.5 0. 059 0.8113
X, X, 0.0018 1 0.001 8 0 0.9949
X, X, 2.78 1 2.78 0.0656  0.8014
XX, 0.2093 1 0.2093  0.0049  0.9449
x: 438.7 1 438.7 10.34  0.0058"
X2 11. 56 1 11. 56 0.2726  0.6092
X3 547.56 1 547. 56 12.91  0.0027*
X2 11.79 1 11.79 0.2779  0.6058
B 42.42 15  636.23

2 4oL 15 56.6 10 565.98 4.03 0. 068 7
Ll 14.05 5 70.25

sl 29 4348.97

e KRB E (P <0.01), TR,

#6 PTHMGTHSHRMLE
Tab.6 Parameter optimal solution for PT and GT

R -t s 5 TR - 3h
KA PEENEC FERERSC PEERC EHER
PT 0. 64 0.19 0.57 0.21
GT 0.82 0.21 0. 84 0.26

PP gk, 5 R 36 6 P e Ui, A S Bk
K280, 2647 3 Wl AR, 45 Rk 7 fr
7No PT HEBUM (7 BLAS R 3946 0 32. 30°, 592 Prid
FAXT IR 220 7. 05% 5 GT M BUSA {5 FC45 R 2 {0
41.25° , HSPRfEAR X IR 2208 2. 71% , 5 Bl B 5
LM AR EEAR —E, GT MU W 2w T PT, L))
FUAEL RS20 (B AR X T PT 23 5 88 27.71% A
22.01% , LA EZ5RFH] PT F GT AR E 1Y 2 fih 2 41
WA T AR ] 3 o O O O 7 R OK TR LR
F R
®7 PT#GTHRARXBHSBRMBIIE
Tab.7 Verification of optimal solution of parameters

for PT and GT accumulation angle tests

+ g PiE/(°) S/ (0) AHXT I 22/ %
PT 32.30 34.75 7.05

GT 41.25 42. 40 2.71

AR 54 5/ % 27.71 22.01

2.2 tEBEEMEHRERR
2.2.1 Plackett — Burman i 5%
Plackett — Burman iz % 3£ i1 % 11 4~ A Z & it
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12 086, Horp 5 10 5 50 2 500 X ORs 45 835 13 W
BE) X CRgh U 1) W EE ) X (3 AR BR B 77 ) (X
(UIE A BRI ) X (R 45242 ) , 6 T 2 %L

(Xyo ~X5) , Hal B i it 545 R 3k 8 s, ik 8
AR, B A% R R B OK AR 4, PT I GT R RE 2 75
— T NI B .

%= 8 Plackett — Burman iXI§igit 54 R

Tab.8 Plackett — Burman trial design and results

} % PTRERE/  GT g/
S X, X, X, X, X, X, X, X, X, X, kPa kPa
1 1 1 -1 -1 -1 1 -1 -1 -1 1 -1 269. 43 248. 62
2 1 1 1 -1 -1 1 1 -1 -1 -1 1 153.72 225.27
3 -1 1 1 1 -1 1 1 1 - -1 -1 379.83 446.92
4 1 1 1 1 1 -1 1 1 1 -1 -1 192. 14 149.26
5 1 1 -1 1 1 1 1 1 1 1 -1 181. 10 267. 94
6 -1 | 1 -1 1 1 | -1 1 1 1 139.70 129. 51
7 1 1 1 1 -1 -1 1 1 -1 1 1 232.48 327.39
8 -1 1 -1 1 1 1 -1 1 1 -1 1 109. 99 217.20
9 -1 1 1 -1 1 -1 1 -1 1 1 -1 142. 46 236. 09
10 -1 -1 -1 1 -1 -1 -1 1 -1 1 1 129. 94 135. 46
11 1 1 -1 ~1 1 -1 1 -1 1 -1 1 409.34 527.81
12 -1 1 -1 1 -1 -1 1 -1 -1 -1 -1 130.36 124. 63

iz A Design-Expert 4 43 %) %f PT 1 GT 1Y
Plackett — Burman 2 %6 25 SR 3647 J5 25 53 #7 , 3845 5 W
HLSLZHO0 PT AL GT RE BE (9 52 i I 25 P 5k 9
o HIER9 TR, X, OB Z5 SR ml M BE ) (X (Rl &5
DI WL ) (X (D) 1) 1 BRSE J3) % PT A B 52 i) 45
K HRSHOL BN X OF S5 8 1% 1 WL E ) (X
CRE S5 B D) 1) W RE ) (X (i 1) A IR B 7 ) % GT
JFE MR BR, R B HCGE W/

%9 Plackett - Burman i SH B EZME S

Tab.9 Significance analysis of Plackett — Burman

test parameters

K B ¥ 75 #l P MR/ % BEHETF
X;  31678.91  0.0037 31.69 1
X¢  18814.69  0.0122 18. 82 3

PT X, 8656.06  0.0532 8. 65 5
Xy 27101.23  0.0054 27. 11 2
X, 13732.60  0.0233 13.73 4
X;  78727.88  0.0006 47.27 1
X¢  31244.06  0.0062 18.76 3

GT X, 34442.03  0.0049 20. 68 2
X 4762.71 0.1583 2.86 5
Xy 17 364. 17 0.0218 10. 43 4

R, 23 5 &1 %) PT AT GT R B 52 ) (g 38 10 TR R
AT B BECHE K 56 A1 Box — Behnken 256
2.2.2  fBERYLE

£ %} Plackett — Burman 2 56 7 1% H ¢ 2 3 1 52
el 2R AT d BE IR SR 0, 3 — 20 45 /) W 3% M S 8K
AR Y TR, DR S A i DG (B R QB T DX I PRk, X
PT M8 X, X, X F1 GT & B S 8 X, X, .

X, AT e BE TSR 0, 1 6 ) ol W 3 R R 3y U o
[ K-, B PT HE B 0250, (R BRI 7 5 x
10° Pa) x, CR§45 K42 6.5 mm) ; GT 4F i 2 4 2%
g (V) M BRI J1 5 x 107 Pa) L x, (K45 4R
6.5 mm) . f5 BENCHEIK 5 B3 5 45 2k 10 Pk .

F10 HREREKEETEER
Tab.10 Steepest climb test design and results

pe e TR e
(N-m™3) (N-m~?%) kPa
1 1x107 1 x107 1 x10° 153.08 -51.55
2 3 x107 3 x 10’ 3x10° 290. 23 -8.16
3 5x107 5 x 107 5x10° 387.90 22.75
4 7 x 107 7 %107 7 x10° 531.63 68. 24
5 9 x107 9 x 10’ 9 x10° 687. 90 117.70
e ok TR
(N'm™3) (N-m~?%) kPa
1 1 x107 1 x107 1 x10° 154. 56 -63.37
2 3 x107 3 %107 3x10° 307.22 -27.20
3 5 x 107 5x107 5%x10° 402. 76 -4.56
4 7 x 107 7 x 107 7 x10° 533.97 26. 53
5 9 x107 9 x107 9 x10° 570. 70 35.24

Xt PT (1 e b TE 3 i 50 25 SR e B B S 80 X
X X 38 m, PT (88 B H A5 {E 316 kPa #ELL 1 %5 3
SRV A R AT 1 A DX TE] 5 XS GT Y f BE
N 6 25 R L, B S8 XS X, X BB, GT
AORE S H AR 422 kPa 7E L) 2 5 4 5K F 2300 K
(IS G o 1 0 - S £ O o 2 2 D o | R N 1
#E47 Box — Behnken 5
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2.2.3 Box — Behnken i 4%
BT EBE MR g 45 51, XF PT 1 GT 43 5 i A7
Box — Behnken i B ¥ 3 . % T PT, i 35 V2 8Ok 45
T e) D BE RG2S D) 1) M EE LU 1e) B BR VL ) Y
Box — Behnken i % % i1 5 45 R an 5% 11 fros
% 11 Box — Behnken i I8i8 1t 5 45 R (PT)
Tab.11 Box — Behnken experimental design and

results (PT)

B - H %% - PT fiii
xs/(Nm™) x,/(N-m™") xg/Pa J& /kPa

1 1 x107 1 %107 3 x10° 153.08
2 5 %107 1 x107 3 x10° 319.75
3 1 x107 5 %107 3x10° 173. 04
4 5 %107 5 %107 3 x10° 250. 11
5 1 x107 3 %107 1 x10° 162. 63
6 5 %107 3 %107 1 x10° 200. 85
7 1 x10’ 3 x107 5x10° 162. 63
8 5 x107 3 x107 5x10° 451.17
9 3 %107 1 x107 1 x10° 226.33
10 3 x107 5x107 1 x10° 244. 80
11 3 x107 1 %107 5x10° 272. 82
12 3 x107 5 %107 5x10° 398. 94
13 3 x107 3 x107 3 x10° 258. 60
14 3 x107 3 x107 3 x10° 313.16
15 3 x107 3 %107 3x10° 285.99
16 3 x107 3 x107 3x10° 276. 43
17 3 x10’ 3 x107 3 x10° 290. 23

R4 1L 86 25 R, SR H] Design-Expert % 4 % H: it
AN LA #S7 LL PT BEE Y, R 248, DL XS X
X 78 i ) 3k R R ] )5 5 R
Y, =284.88 +71.31X, +11.86X, +56.37X, -
22.4X,X, +62. 58X, X, +26.91X X, —
51. 15X -9.75X; +10. 58X; (12)
X PT () Box — Behnken {56 5 11 5 45 ik A7T
2250 BT S PR IS S5 RN 12 PR . AR iR A
3 A AR P(0.002 8) /T 0. 01, i B 5L Y A
#F , [FIF AL P (0. 078 6) KT 0. 05, 22 5% A B 3%,
Wb WA A AE 8] 5 DIy B A B G M . R A 5
P W EE (X ) Y0 1) i BR R T (X ) 128 B A 35
X X% PT fifi i HA B & 52 m (P <0.01) , — kI
X2 F PT R EE HoA 5 BB (P <0.05) , Kig5 )
i WRE (X ) 38 H AR 0 X X X X Rl YRI00 X
Xy MR B (P >0.05), i F AT 01,3 5 % X
PT R R 5% e 2 5 Fy R 1) /0N SR o 485 5 v ) W2 ) 1)
e PR R 7l 435 e 1) 1 I
X GT, 535 P 2 BOKS 45 8 12 1) M B2 O &35 B

% 12 Box — Behnken {36 752 4 #7 (PT)
Tab.12 Box — Behnken test ANOVA (PT)

UE 3 ¥ HBE Form F P
LA 11075.99 9  99683.87 10.37  0.0028**
X 40682.12 1  40682.12 38.07  0.0005**
X, 1125.86 1 1125.86 1.05 0.3388
X, 25420. 1 1 25420.1  23.79  0.0018**
X X 2006. 89 1 2 006. 89 1.88 0.2129
XX 15664.83 1  15664.83 14.66  0.0065 **
XXy 2 896. 77 1 2896.77  2.71 0.143 6
X3 11014.59 1 11014.59 10.31  0.0148*
XZ 399. 87 1 399.87  0.3742 0.56
X; 471. 66 1 471.66  0.4414  0.5277
i 1068.48 7 7479.35

AT 1962. 48 3 5887.45 4.93 0.078 6
4liist 2 397.97 4 12.57

SR 16 107 200

W« FAREFE(P<0.05), FI,
Y 1) W BE A3k ) 4% BR W 77 Box — Behnken 1R %6 % i1
HERWMEER 13 iR,
% 13 Box - Behnken {8 i% it 54 £ (GT)

Tab.13 Box — Behnken experimental design

and results (GT)

L ZES GT fif
7k /(Nem ™) xg/(Nem ™) 2,/ Pa Fi /kPa
1 3 x107 3 x107 5x10° 307. 64
2 7 x107 3 x107 5x10° 451.17
3 3 %107 7 %107 5x10° 276. 65
4 7 x 107 7 x107 5x10° 533.97
5 3 x107 5 %107 3 x10° 315.71
6 7 x 107 5 %107 3 x10° 461.78
7 3 x107 5x107 7 x10° 218.05
8 7 x 107 5x107 7 x10° 461.78
9 5 %107 3 x107 3 x10° 373. 04
10 5 %107 7 x 107 3x10° 292. 36
11 5 %107 3 %107 7 x10° 373.04
12 5x107 7 x107 7 x10° 326.33
13 5 %107 5 %107 5x10° 452.65
14 5 %107 5 %107 5x10° 402. 76
15 5 x10’ 5x107 5x10° 366. 45
16 5 %107 5x107 5x10° 435.67
17 5x107 5x107 5x10° 412.10

MR 30 25 2R, R T Design-Expert £ {7 % H 3
FrmE A, N DL GT 8 FE Y, Jy ma i {H, BA X .
Xo JX; o728 09 R I A AR, R [l 05 5 7 Ry

Y, =413.93 +98. 83X, - 9. 45X, -7.96X, +

28. 45X, X, +24. 42X, X, +8.49X X, +
0.785 6X: —22.36X; —50. 38X (13)
Xt GT 9 Box — Behnken iR I 1% T 545 Kt 177
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JEI A S R OK A R b R OT R R ST S S bR 57

ZEO T IR F ARG SR, 4R AN 14 PR o EiIZE R
Sr i, AR P (0.008) /N T 0. 01, i3 B A5 Y 4 i
&, [ AT P(0.2714) KT 0.05, 27 AR,
DLW 2 A A [0 ) DI N B A B AU A 1k o RG2S B
W (X)X GT fif B2 B A B 35 32 i (P <
0.01), — Wi X; X} GT B i B A7 W 3E 0 (P <
0.05) , HoAb T2 iy 2 A . 2% (P >0.05) o iy F {H 1]
1,3 PG G R JEE 52 e v O 3] /0 S R 45 8 125 1]
JE R 5 U i) D RE 3 1) A BR N T
& 14 Box — Behnken i3 5 Z 5% (GT)
Tab.14 Box — Behnken test ANOVA (GT)
T5 25K IR ¥i AmE FIA F P

LAY 10960.88 9  98647.89  7.27 0.008 **
X 78142.54 1 78142.54 51.85  0.0002**
X, 714. 12 1 714.12  0.4739  0.5134
X, 507. 12 1 507.12  0.3365 0.58
XX, 3237.63 1 3237.63 2.15 0.186 1
X5 X, 2384.59 1 2384.59 1.58 0.2488
XX, 288. 49 1 288.49  0.1914  0.6749
X3 2.6 1 2.6 0.0017 0.968
X? 2104.51 1 2104.51 1.4 0.2759
X3 10687.84 1  10687.84  7.09 0.0323"
52 1507.02 7 10549. 14

2 )35 2064.99 3 6 194. 98 1.9 0.2714
a1 2 1088. 54 4 4354.16

A 16 109 200

2.2.4 [l R 8 1 W

F4E Box — Behnken i 5 75 2= 70 M 45 5, v H
Design-Expert #4735 %f 2 Fipi BUAS 7] P 2K 22 0] 22
HAE R EAT o0 M, A 0 & PR 1) g iz T, 19
NS EH PR g OB 45 B 15 1] W EE ) g (170 1) 8 BR
J3) %5 PT RS EE Y i 10 RGN 45 1 R I, Y x, OBl 45 5
DI i) W EE ) [ 52 A 1. 46 x 107 N/m’ B, PTG HE it RS
55 H Y 1) ) S R 1) A FIRSE g ) 498 DR T A S DR Y
Bo B0 R H N ER wg ORG 45 5 0] MIEE ) e (RS
SEHEY) ) W BE ) X GT A8 B #¢ w107 T A 45 v 2k 1, 24
x, (V& B BRI A7) 872 g 4. 52 x 10° Pa B, GT il Ji
WG 2t B V2 1o O RTORG 445 B D) [ O 52 14 8 R X A 3
NP ERN

P S FT 2T Ol 2 B 1 i) D RE Rl 4% B ) 1) ) D
DI 1wy 1% BN g % P BE % 52 0 58K, Kl 45 B 1% 1)
WL EE Al 45 B 1) 1oy ) 2 R 325 1) B B 0% T % GT R 2
FR 52 e B, LR 235 B 0 1) W B2 o PT AR\ GT A
JEW R R, XGRS0 E e R 2.

3 EMSHKRERLEEIE

3.1 PT#1 GT EERMKSEHERIWIE
R A Design-Expert 13 B4, ¥ PT i iF 316 kPa

L,

K9 ZHPIEXS PT B Y e 1o 1 5] (=
1.46 x 10" N/m*)
Fig. 9 Surface diagram of response of interactive factors

to PT hardness(x, =1. 46 x 10" N/m*)

B 10 221 X GT BF B 4w 1 167 141 (=
4.52 x 10° Pa)
Fig. 10  Surface diagram of the response of interactive

factors to GT hardness(x, =4.52 x 10° Pa)

FGT B B 422 kPa AR A 01 J5 2 , 43 ) X6 [ 1 455 704
HEAT BT H bR 8O0 Ak K A, 3R A% PT A% EEF GT fifi
R E S BA G PT UM A G0 BG4 5k
NI 4,37 x 107 N/m® kG 45 8 1) 1] W 1. 46 x
10" N/m® W14 BRI 7 3. 24 x 10° Pa; GT fe i fif 41
Ao KRS S I KIRE 5,19 x 107 N/m* R &5 7] 1ia W1
BE4.25 x10" N/m’ JE[pg BRI /7 4.52 x10° Pa,
MBS EH G H#HT 0B, 85— ER 15 Fix,
GT WA W] W w3 PT, H ) 5 {H R0 52 0 fFAH XS
PT 43 5384 /11 31. 05% F1 33. 54% , 3% ¥J3iE B T E K
HH B 23 P 2 T 08 2 ) ) S Rk 1 25 S Pk o P o Y
PR A9 A LA R S A =2 ] ) A X 5 25 AR
T 10% W5 5 580y J) 2 R ik 5 52 by 4 e
AR — 3 P Eoak b PT AT GT i J32 Bl B[] 7 28 b
£15 PTH GTEERBNSHRMABRBIE

Tab.15 Verification of optimal solution of parameters

for PT and GT hardness tests

h R 1i B./kPa Sl /kPa MR 22/ %
PT 332.34 316 5.17

GT 435.53 422 3.21
X /% 31.05 33.54




58 &l #Hl

Moo= 20234

AFRWE L Frs, BRI R O, Bl A R HE IR A 1
TR BE B, G A S s R 38 Wb SR, B R AR A
TRIEA A Pk B e K A R 3K [ AR 3 1
B i T B Y ol 25 B ) 2 ) AR Al AR —
B2 iR, 7B R A 0 K255 52 51 LR
0, 4N 12a s ; 76 BRI HEIR A )5, Rl 45 5 2 ) W 3%
B, N BT RS 45 B A2 07 Bk R I dn 24,
12 BT 7 5 7 B HE AR 4 58N B G 235 Bl Iy 2R 5 i
I B fe R, R e R A R Qi 12¢ TR
3.2 +TEEFHRIERE
Ry itk — 20 EOK R LR - BE v PT R GT
' 13.1 N 13.1
10.5 105
7.87 7.87
o o

3.29x10° 3.29x10°

[ 12

11
Fig. 11

o S Al B R Ak i R

Soil hardness change process

N
13.1
10.5
7.87
5125
2.62

329x10°

Fig. 12 Process of force change of soil bonds

S B G W HERPE, R N T8 57 1056 2F 17 5
UE o 780 B 5 T A b R R e ) R A Bl 3 9 E
T ARADLGT £ M it o 2 E 2K 47 100 kPa, 4 3 FT BY {j H
R 13 frs .

13 3 R
Fig. 13 Soil direct shear simulation test

5 BRI 45 R 2 16 fiR , PT Al GT 452
I AT B e A B Ry A R R 25 B AE 10% LY, B
GT S A5 B 35 N 77 43 5 ke PT 34 30. 54% Al
23.59% ,UF B L A3 1Y) J 2Rt 5 S0 B A
—5,

216 PTAMGTEHHRBLER
Tab.16 PT and GT direct shear test results

TR 1} B/ kPa Sl /kPa AAXT IR 22/ %
PT 153. 00 139. 64 8.73

GT 188. 63 182. 30 3.36

AH X 1 8/ % 23.29 30. 54

- 9 B 3 50 1 S AN L 8 N ) — 1 B8 il £
WE 14 frs . B & 14 FTA, PP L 58 0 0 2R S8
DR T e KB N g 158 22 B/ Ah , FL BT 1 g B A7 7% 1Y
A Ak it B A JL P — B, 3 PR B A AT T

[T

P14 Y Y S R0 I 1 )~ B it £k
Fig. 14 Measured and simulated shear stress —

displacement curves for direct shear test

LY 0 AP SRR 45 i Wy 20— 058
L 15 Fros. B 1S AR S 0 I BT DI AT 4
BRI BT U0 & A R A B B AR HE i

FLS B 0 0P b SR, 2% G 007 24 80— (0 7% Hh 2k

Fig. 15 Number — displacement curves of soil bond

breaks in direct shear simulation
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JH A A K PR MR R BT R R 3L S S R 59

100 kPa {2 B 20 , K 45 852 1 80/ LT o 2
XEREPE 14 HpiF2 0 0 s 1S BT & 8% 0 ~ N
Z A B Y]k B o B RS, R BT U G OT i R Bl R 4
T SRR I O, B R g % O, X A 14
0 ~M BBz 1B LS o N AN B B £ BT ) & Rk
B e AR I, 51 1T BT A9 RS 235 B Dy 228 B B 0
e RAEL, Y N7 7 A1 Bt 23 S DT 58 A 1) 6 D i 328
1] T B ORAEL, XF R 14 v MO B

4 it

(1) 3 F 85 76 EDEM 4k fF, # JX Hertz —
Mindlin(no slip) B b8 % 3 K FH - Sl 4700 5
HOR 5 AL S JH b0 204 S B 7 o8 1) - 8
WU S A (L S DO PR 26 K07 B B L 7551
PT R4 4 o s £ L B BEHE IR 0. 64 £+ 3)
P B TRRE 0. 19— 8 i e 56 1K1 8 0. 57+ 400 3 e
BEPRRC 0. 213 G I e % 200 5 7« - — 1 0 B 5 1 4
0.82 - 2 e 485 [ % 0. 21, + — 49 9 i 5 1R
0. 84 .+ 402 FE 5 KL 0. 26, PT HE AL (5 204
g 32.30°, 15 92 3 M BLF 34.75° 1 B X i 2%
7.05% s GT HE B ff {5 LL45 L Hy 41,25, 1552 01 e 7

i 42. 40° AR AT IR 22K 2. T1% )5 BLA 56 5 520 45
JEIAR—F,

(2) LA 4 36 5 4 H A5 {H, 38 i Plackett —
Burman i 5 . & BE €7 L 6 5 Box — Behnken il 46
Xt WA 1 1Y bonding £ fill A5 A S 84T T AR e K
Ptk o PT S5 {6 ff 4145 o o Kl 45 43 ) W B 4. 37 x
107 N/m* K525 5 ) 1 WIEE 1. 46 x 10" N/m” 4] [ %
BN 7 3.24 x 107 Pa; GT H5 {0 fift 41 A o < K 45 i 1k
FIRIEE 5. 19 x 107 N/m® Kl 45 4 1] 17 Wi & 4. 25 x
10" N/m* 3L [ e BRIV 77 4.52 x 10° Pa, fii F fir 4
ST B UE, 15 1 PT {fj B A JiE 332. 34 kPa
5 sziif E 316. 00 kPa i A Xt iR 24 K 5.17% , GT
15 ELA# 435, 53 kPa 15 52 I 6 iF 422. 00 kPa [ 4
PR 22N 3.21% I8 0E T hr 2 S E00 v 5E bk .

(3) AR H b o P Ak 2 B0 5T T P R B R Y B K
JUAERY B B 35 58 X PR AR - 1 43 ) AT 5 U IR
By, 45 R R W], BT bR 2 0 T R 07 A A S
2 ) B AR X 52 22 YK T 10% , Ho 05 2+ 4% 5 52 br
- T BT 32 J7 R A AR Ak B AR — B, bR E
Foft 3207 AL A R oK B2 R - B G B T
BA

2 £ x W
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