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1.1 RIEFR
RIS PRL e FH A b RO R 5 T 5 Bt K AR B S A F= ML
WA T SR B A RZE S, i S PR AR 2 R ERIR,
A VIR, THESZEBCN 3~5 AU, I FA &
2R, AT & S RSP 2R 100 4, K
FH Tkl e HP 38 5K 84.92%,  Abs -~ R &
HAMERSS, SiHER8AL51ME Y 45.76 mm, T &
N 25.33 mm.
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p=" (D

\%
Kb m NEFRRE, g v NEFHKER, cm’.

FIF ks B s AR CREJE 0.01 @) FREZEFE, K
R RERAZEFRHK AR NG RR 2, 523
fER—4, BEHLER 100 235, 7k 20 4, ZENE
SERN 1.06 glem®, AR RECN 4.01%.

AR EE u RFRZETFRAE ) 2R 2 R, 8 R AR T
BHMARTEZ L, R RBEETERE AT TR AL
RIS R F R ASIELEK 10 mm 5277 R FRHER
FE, u TR ARH
_a|_m-w
"= 5_2 - Ll _Lz
R o, NEFER A E, mm; 6, NEEFRIAALEE,
mm; Wi« Wy il NEEFFRAERT JE A A RS, mm;
Ly Ly sy AUNZESERAER0 Ja ifi e R, mm.

HMERLE F ORGSR GRS, Eid Tk
FHRI IR, HAE AN
F-L
S-AL
K FONZEF R E B KR 71, Ns L oAFEARY]
UHKRE, mm; SONFEAREERIA, mm®; AL AFEAESE
Al EKEZE, mm.

AHEFL I TMS-Pro Ji R A Bl s 445 156 0 5 22 5%
AR EE AR, 1 FR, BRDCR R RCEAR
JE3k, n#EE#E 5 mm/min®, RIGEE 20 Kk, 53
FREARMIARA LN 0395, SHMERIE A 5.433 MPa.

(2)

E= (3

P#JE SkFlat indenter

S 2aa
Water chestnut sample
Ji< £ Base

>/
r

B 1 $5hE 4R

Fig.1 Uniaxial compression test

1.3 EXEMESH
1.3.1 bdstk A4k

filh fi K R R BCR AV RIS 5 VK RE 1, R 58
BRI B4 56, FLHUE RS A1 S5 P 0 AR TE H2 A s Ak 1 v
T A K 43 B S5 9 TR R B P 2 L, ARSI SR R
2538 7 [A] R Al DA B 25 S AUASAR AN 2 1] (R4 fd, i Bh e
MU AR FRACHHZ Sk AT I 122,

D22 55 RN R ANAR 2 18] R RE B2 R 0T, e 2
Fin, G223 2 10 E H RS, LR
JG 2 H BHEARIE I S ANEWIRAE AR, IR
SR Hy RN BKE R e, R RHE

e =, |— Y

LEEFY 2ABBRIR 3NEANNL 4. mndiigml
1.Water chestnut  2.Coordinate paper 3.Stainless steel plate  4.High-speed camera

W Hy AZEFYIGM BN, mms H ARG R E, mm.
Note: H is initial position height of water chestnut, mm; H, is rebound height of
water chestnut after collision, mm.

B2 F3F5RGMRIN AR R A KN §
Fig.2 Test of collision recovery coefficient between water
chestnut and stainless steel plate

I 20 W, W22 RN EIRR 7] (1) All J5 7 2
FH e,=0.598.

25 2 A) AR DK A R R AN 2% s v Y,
W 3 R, #2235 b BREBHIFRERT I, KK a
PET+ A 8 = Ho Ja B FLRE R, SR AR ) Al 1) 5K
PN 2R RS Jo BT I I dp 4R 5, RSN ARE I B
S [ AlEJ8 P 2 R

] e |

HefEZk Baseline

a. WAL E
a. Initial position

b. Tk fd# 5
b. After collision

e H O NREE R 2 o SR B iy A SR ELR IR, mm; H, 9L )52
5 b BN R S AL, mm.

Note: H, is distance from the highest point of water chestnut a swing to the base
line after collision, mm; H, is distance from the highest point of water chestnut b
swing to the base line after collision, mm.

B3 FFiEendE g A 8nE
Fig.3 Test of collision recovery coefficient between water
chestnuts
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AIB R 2R K. IR I 4 22 5 SRR B ) 15 2098 IR
IEE IR B b, i R S KR e, DI
A AEREIN (] A S, IR E R 20 KI5 2 8] 255
ANANGE A 2 18] B EE 4 AR M0 3% 1 o
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Table 1  Test results of friction coefficients
R Hr IR R A EEE R
Mate:i‘als Coefficient of Coefficient of
static friction dynamic friction
FITETT 0.656 0.489

Water chestnut-water chestnut
R
Water chestnut-stainless steel
1.4 MESHERELR
1.4.1 &AL
H 56 TMS-Pro BRI AON 22 35 AT BT TS, 3R
B BRE S SR SEPR S H M, D22 0 &, R
ST B EATETY], a4 Fos.

YT
Shear blade

3
Water chestnut

0.721 0.628

Support

TR
B4 FRTRE
Fig.4 Shear test of water chestnut
PRI AR 3 B 400 mm/min FE 1T, HT
RSN, BTYIRE R % 7 S AR 2 R TT I ik B
WAL, AN [RIA A [F) WA A L B B A0 AT [ R, A
FAEI T )y e KAEAE PN R bR . B 20 X,
BRI T 0 2SR KRBTV /00 67.2 N, LAEER
KGSE ZH S 25 A HEAT RE A5 E 1
1.4.2 3EEKE
R4 Hertz-Mindlin with bonding #2721, Bk i)kl 44
BEIIWTR S PR . SRAZIIRNEFWIEE X A7
TARDIFIAIE x33 IGFNERIN ST xgn WG FDIEIRLS] xs FVRY
GEPAT xo R SEHINETIT AR, 275 )17l
UEREMA LS R0, YR BE 255 BBt FUR 4 5
HOu, sk 2 Pros, @i R FRI b A FO Rk
BIVIIRIEE, e S50 .
R EFHEEDSH
Table 2 Parameters of bond model for water chestnut

HE Value
1.2~2.0

Z#  Parameters

iR fEfil 4% Particle contact radius x;/mm

AALTHAR ) NI EE

Normal stiffness per unit area x»/(N-m™)
AL TR DI R W

Shear stiffness per unit area x;/(N-m™)
I 53217 N /7 Critical normal stress x4/Pa
I S YI1H) % 77 Critical shear stress xs/Pa
Fh45211% Bonding radius x¢/mm

1.0x107 ~9.0x10°

1.0x107~ 9.0x10*

1.0x10° ~ 90.0x10°
1.0x10° ~ 90.0x10°
12~2.0

£ EDEM BSHOUTHA I R B R 3 0 1Ak ae, DA
KEGUI T RVEN FERR, R x) Al xg THIEL S AN, R
xy~=xs YO FEECR, NI FIEE S, 4 N R
viig S AR AL, BT, Wk 3 Fon, ARGRI e R R
B 3 K, BSR4t Ag x, N 1.6 mm. B ARV W)
MIFE x, 4 1.0x10° N/m® . 847 1 AR 00 1) W B s N
1.OX10°N/m’ I S92 MR AT x4 24 10.0x10° Pas I 50 17l
N7 x5 4 10.0x10°Pa. Fi4s 4% x6 N 1.6 mm.

x3 BEFRRBAKFE
Table 3  Single factor test level

féj; x/mm  x/(N'm?) xs/(N'm®)  xy/Pa xsPa  xg/mm
1 12 1.0x107  1.0x107  1.0x10°  1.0x10° 12
2 14 5.0x107  5.0x107  5.0x10°  5.0x10° 1.4
3 1.6 1.0x10°  1.0x10°  10.0x10° 10.0x10° 1.6
4 1.8 5.0x10°  5.0x10%  50.0x10° 50.0x10° 1.8
5 2.0 9.0x10°  9.0x10°  90.0x10° 90.0x10° 2.0
1.4.3 ZKFATERE

KPR RS T DATE 52 e (R R 2 I I L PR
i e H OO RS A b s e 2 2 B R B, AR A R R 2 A 4
RtfE &SR EH, Bt AT RS 16 4H.
14,4 mBERIIKIE

B 50 KT DR B 7 e L P 2 2 S e R 2R AT
I BENCIEIALS, DA i B AUE A 20T XA, a5 i JE
3 25 DR 2R 5 HCER IR 2 4k A R 8] KT o
1. 4.5 Box-Behnken »f i # d7 iX.35

N R BN LS H, RYE Box-Behnken [P
M 7 f TR s DA 7K SP AT DRI 7 22 H R 3 225 1 2 R
F xon x3 M xg MR ZR, HEHE A BENE 50 45 SR 4 /)
HAuH, DOREE 1A 3 s Ky BT PR AT e S T
55, hOKTPFRE 3 IRESE, PSS s KB )
(B FIAH S R 22 e ma B, Hot B

e:|F"—_F;’|><100% (6)

K e X IRZE, %: F, NS08V 15 KME, N;: Fy
J0i A R KRBTV 77, N

1.5 {AE&ERENT

15,1 FFARA

ZEFAMEARN,  ToiF I AL 5 L S R
Tk, NIRTFZEFRGIAECRS, $Em i LA, A0t Fiik
MY RS #6338 ¥ i 2255, KA EinScan-Pro
FrX 3D HFOCHAT R, BRIZEFNRETCES, 3
B, 181 Geomagic Wrap 3D 3 {4 4 H = 4k # £ ¥,
MBS 5 . TR, ARG A B J0L 4 il 1 75
BT g (IR SO/, 5N EDEM A2 RS BT AR 2 IR
hkhgieE, i s ps.

B HUTH BA R L FEN: 7 EDEM s
141K 100 mm (1) box JLAT4A, K4 AL B f5 Y 22 5 AL &
P DX 35 18 s 2R AL A virtual, 7E box P AE AROK B
Ki (20 000 A, BURIAZ B E I JMERH RV&AE box PN SK
YR, RPHARE )G, B2 HM T BN physical 848, [F]
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K box HEECA virtual 257, 2 RFURLEE {EH F BT
DI BRI E Bk, 2N EREURL RS 3 A B Fa e ik
A, K bonding B EURL RS, MIERZESFAM 52153 i 5
FEZH R ZE AR AL . 7E BT A RORE RS, (5 AR
M S B oL, (H RS 2RI INE Y, g A kR
BUUI 7] F JR LA R ZE AN S 4, RN R A
N1 mm, BRAHMEFFIBREE N 4 352 4, AR
KEEEE 18 254 A, ~FIYBANFRLRG 45 SE R 4.1 4,
High ey B,

a. AR

a. Scanning model

/S FEFEsidse

Fig.5 Modeling process of water chestnut

b. K454 T
b. Shape of bonding bond

1.5.2 AR

Id SolidWorks #37. JJ B A FER AL, A R
SRR —EL B HAARAEA step 1T\ EDEM
o, E JTENEGEEE 400 mm/min, J7AIFEE AR, 3
1T B E E HOUC i H .
1.6 FRELRWIE

NETEARE H S B R S T2 B U0 A AT, A
FAENA 7 FE SR AR IS H0AT B, FH5 SEE X T,

RAEZE S B HUT@ R S Hhr E ERE; L ARS L
(R, Sy BME A SR R EDEM #4522 5 #EA7 BT U0t
%, BT ESRER S S HE TR, RS A
R TR 22 BT U R 52 D0, 358 TACE Bt
Rfz%.

2 HBREH

2.1 BERNEERSSH

BRFRRLERWE 6 Fir, SHEEXN &K
AR EAE, HAPREZrEE x (B 6a) « IfAE
MR 7] xy (B 6d) « ISR x5 (B 6e) HUAIRIZK
ST LA AR, RSB s ma s, H 3
PRI L5 REAT 60~70 N, #Eeir szl Kai) 1y, #
BH 34 R 2R 0 i s /K T 3L IE R 280, 28000 BBl e B & 3
B AL TR MW E e 38900, BY V) 0328 36 K 6b),
20 AT 1.0x10%~5.0x10° N/m® I, 415 BL45 5 5 52l
BRI B AL AR D) AW x; 3800, BY Y 73 1
K (B 6c) , Hxs AT 1.0x108~5.0x10° N/m® i, {7
iR G STWE B s BB RS AR X 39, BIY1 7
B (B 66 , M xe T 1.6~1.8 mm i, {jEES
S5 SME sk .
2.2 ZKFHRERBERS SR

KT RIS 7 AN R ANER 4 Fon, RIS R TT
ZENTUNER S Fw, SRR B 1 RN 3
e, BRI PE R R=0.926 4, RIGLE R ATHE; x, Al x;
1) P<0.01, X8IVl K x 1 P<0.05, Xf
BIVI SR xv x4v x5 BT P>0.05, XFBIY 70540
ZNTE N

d. x,/(>10° Pa)

e. x/(x10° Pa)

Bo FHEFXILER
Fig.6 Results of single factor test



11

SRS 2R S Ui A2 HhnE 515 45

x4 DKFRERESRSER

Table 4 Schemes and results of two-level factorial test

S i e iy 25, Sharn
No. mm (XI0°N'm~) (XI0O°N'm~) (x10°Pa) (x10°Pa) mm force/N
1 1.6 1.0 5.0 10.0 50.0 1.8 142.6
2 1.6 1.0 1.0 50.0 10.0 1.8  66.1
3 1.8 1.0 5.0 50.0 10.0 1.6 1415
4 1.8 1.0 1.0 50.0 50.0 1.8  66.1
5 1.6 1.0 5.0 50.0 50.0 1.6 1415
6 1.6 5.0 5.0 50.0 10.0 1.8 3984
7 1.8 1.0 5.0 10.0° 10.0 1.8 142.6
8 1.6 5.0 1.0 10.0 50.0 1.8 2743
9 1.6 5.0 1.0 50.0 50.0 1.6 2415
10 1.8 5.0 1.0 10.0 10.0 1.8 2743
11 1.8 1.0 1.0 10.0 50.0 1.6 64.1
12 1.6 5.0 5.0 10.0 10.0 1.6 236.8
13 1.8 5.0 5.0 10.0 50.0 1.6 236.8
14 1.6 1.0 1.0 10.0 10.0 1.6 641
15 1.8 5.0 5.0 50.0 50.0 1.8 3984
16 1.8 5.0 1.0 50.0 10.0 1.6 2415

x5 KFREREBES R

Table 5 Analysis of variance of two-level factorial test

N W & 4175
KB Gt Dot M P
effect freedom square
7 Model 6 27989.62  18.88  0.000 1
x| 0.00 1 0.00 0.00  1.0000
X 183.90 1 135300.00 9125  <0.000 1
x3 68.05 1 1852321 1249  0.006 4
x4 32.70 1 4277.16 289 01236
X 0.00 1 0.00 0.00  1.0000
X6 49.65 1 9 860.49 6.65  0.0297
57 Residual 9 1 482.50

VE: P<0.01 (AR, 0.01<P<0.05 (£3), T,
Note: P<0.01(extremely significant), 0.01 < P<0.05 (significant), the same
below.

2.3 mBEMREIKY

FRAE KA RS 45 2R, e O i K BY 1) 7 5 i
BEMZE o x50 xo HAT B FENCHALS, FRFEHRE X
xq~ x5 FJRE B B DR 2 i ) [ KT, T R R
* 6 Fim. BB SHERAEEN, TR X ZEFR8Y1 7
WG O, HoAr ke 1 A0 2 05 BT Y] ) s R AR 2 o 31.9
1 74.8 N, R5: 2 g5 A sz K8y Y) i BN R, A
T e e 87 f TR ST, R O 2 ™ K R 2R Ve L 6 1
13 R 2R KRN G 2L Box-Behnken 46 KK
MK

%6 BEEARETRSHER

Table 6 Schemes and results of steepest climb test

— —
iﬁﬁf (10N x/(x10°N'm>)  xg/mm Sheai’; z] f?r N

1 0.5 0.5 1.50 319

2 13 13 1.58 74.8

3 2.1 2.1 1.66 108.5

4 29 29 1.74 160.8

5 3.7 37 1.82 2048

6 45 45 1.90 4327

2.4 MR EERKEERS S
B2 BT A E S HU B R A A, AR
L KSFT DR R B i I A 5 £ T ok 2k DR R A T
Box-Behnken 146, iRX545 R a1% 7 Prow, whialse g5 SR
AT IENEILA, £ LA TR 28 55 1 B R BT 9 77 e A
Phxas X3+ xg NAZERIBIH RN
Y =1055.89+4.26x107 x, +7.81x107 x, —1417.07x, —
3.52x10" x,x, —1.64x107 x,x, —2.54x107 x,x, + (7D
3.59x10"°x,” —5.59x10"x,” +476.56x,”

xR7 WMEMERESRSER
Table 7 Schemes and results of response surface test
89175 AR R ZE

55 x/(x10°N-m™) x3/(x10°N'm”) x¢/mm  Shearing  Relative error
No. force/N e/%
1 1.3 0.5 1.66 60.0 10.71
2 0.5 2.1 1.58 71.4 6.25
3 0.5 1.3 1.50 549 18.30
4 2.1 1.3 1.66 101.3 50.74
5 0.5 0.5 1.58 359 46.58
6 2.1 2.1 1.58 108.7 61.76
7 1.3 2.1 1.50 89.8 33.63
8 2.1 1.3 1.50 101.2 50.60
9 1.3 0.5 1.50 479 28.72
10 1.3 2.1 1.66 95.4 41.96
11 0.5 1.3 1.66 59.2 11.90
12 1.3 1.3 1.58 73.8 9.82
13 1.3 1.3 1.58 73.8 9.82
14 1.3 1.3 1.58 73.8 9.82
15 2.1 0.5 1.58 74.1 10.27

7 Design-Expert X%} Box-Behnken M 5 i [ 12X
sk BT Z 00, giREk 8, BAlE RE RPN
0.992 2, AEMEELF; HBAEZE HARPIAEE, A7
8 HAth 3 PR 2 S M Z AR50 R R R A s xp AT x; F906F BT 1)
THWRZFM (P<0.01) , x¢ BMHEK (P=0.055 4,
TR IHE 0.05) , xpv x3 Fl xg IR BAERH LK x4 x5
F xe BIPFIT B ANR 2 (P>0.05) o fRAE[EIHT7 1%
a3 A2 % R 2 A8 BAR RN S KRBV ST RN IR %2 e 52
i oy e 82 T P, ] 7 B

#8 NINBhEAES

Table 8 Analysis of response surface variance

RSl FI Hi 75 Fi P

Source Degree of freedom  Mean square F value P value

i Model 9 695.40 70.40  <0.000 1

x2 1 3357.90  339.92 <0.000 1

x3 1 271584  274.92 <0.000 1

X6 1 61.05 6.18  0.0554

X2X3 1 0.20 0.02 0.8917

X2X6 1 441 045 0.5336

X3X6 1 10.56 1.07 03485

X2 1 19.53 198 02187

X3 1 47.19 478  0.0805

X6 1 34.35 348  0.1212
B # Residual 5 9.88
AT Lack of fit 3 16.46
4li{% % Pure error 2 0.00
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R AR e I, AL T AR 1 (A1 B AN A T AR )
1 T P e 57 0 T 2 P 70 D 7 TR, 2 B AR T AR e A
JEAARIS, B Y718 3 S T AR U] 1 W P38 K2 1
FHRT AR ZE SE I/ N JE S s =24 S ARt AR ) 1) W P AN A2
BYY) 7B A BRI 1 W B BT N, AR IR 2=
SIS R MEEY, HAREH R .

FRLIEAA D) W BERS SE R, AL TR e U BE ARG &5
AR AR S BH TP 7b A Te B, 24 B TR ) WA

Z Z
3 3 100,
] indl] |
N =& 80t
= &0 = &
®g ®E
151 131
= =
7] 7]
° °
< e
= =
;.‘.R- o juh o
.E.;K E SERLRHELLRRK ™~ F}ﬁ E
> 0 15 2059,96% 0096 % %4 %, > 0
' 2 | SRR KKIR R KL | =2
= B 00902 0,:9590% 020,59 % = =
=% LEAXRAIERR s =E
[} [}
R~ o~

. x,=1.0x10* N-m?

AR, BYY) I BRGSO BIE N, AR RS
JEtEIN; RS ARV, BIY)IBEAE AL AR N
PESEIOZHIGIN, MHRZE GG RGN

PR TRV 0 DO 2 [ S I, B TR ) i I J3E AT A
gh 2 g5 (g N TG A0 P 7e R0 7 BT, 24 B AR D) A R
JEAAZI, BIY) BRGSO E G I, AR R 2
SeIR/NEHEIN: ORGSR AR, BT b S AR
DR S B GBI E N, AT IR 22 S bl e G

WY
Shearing force/N

MXTRZE
Relative error/%

T 0.9
5005
X

f.x,=1.0x10% N-m™*

B 7 KRAEBEF AR E 0 5 & B

Fig.7 Response surface diagram of interaction factors to shearing force and relative error

3 IERIE

3.1 HMEHEHEBIIIE

PLJT R 22 5% 1) S b e K BY V) J1 R H, 4 B
ZHIAT AL, 48 B) Design-Expert 201E 54 0L & 5
FERHAT R, REBMWER N 672N, 1535
SN RENE: BAHAERNIE x, A 1.185x%
108 N/m? B 07 T R 570 1) W BE x5 247 9.091% 107 N/m’ . F
2542 x6 N 1.655 mm, H AR 25 R 26 35 B R 2500
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Calibration and experiments of the discrete element simulation
parameters for water chestnut

Zhang Guozhong, Chen Liming, Liu Haopeng, Dong Zhao, Zhang Qinghong, Zhou Yong
(1. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China; 2. Key Laboratory of Agricultural Equipment in
Mid-lower Yangtze River, Ministry of Agriculture and Rural Affairs, Wuhan 430070, China)

Abstract: Water chestnut has been one of the most important aquatic vegetables in Asian countries. Annual production of
more than 800 000 tons can be found in the south of the Yangtze River Valley. The edible flesh of the water chestnut is the
crisp and tasty bulbous underground with a smooth reddish-brown surface. However, the current deep-processing of the water
chestnut completely depends on manual work. The water chestnut industry has been severely limited to labor-intensive,
high-cost, and small-scale production at present. It is very necessary to develop the agricultural machinery for the large-scale
production of water chestnuts. Fortunately, discrete element simulation (DEM) can be widely used for the optimal design of
mechanized progress. In this study, a DEM model was established to determine the key parameters in the peeling and slicing
process of water chestnut using the calibration of EDEM software. A series of virtual calibration experiments were conducted
to obtain the accurate shape of fresh water chestnut using 3D scanning reverse modeling. The physical tests were carried out
for the geometric size of the water chestnut, the parameters of mechanical properties (density, Poisson’s ratio, modulus of
elasticity), and the basic contact parameters (coefficient of collision recovery, coefficient of static friction, and coefficient of
dynamic friction) between a water chestnut and stainless steel. The shear test showed that the average of the maximum force of
the blade on water chestnut measured by texture analyzer was 67.2 N, taking as the reference of the virtual calibration
experiment. A Hertz-mindlin with the bonding model was established for the water chestnut in EDEM software. A virtual
calibration experiment was designed with the shear stress of water chestnut as the evaluation index. A single factor test was
used to determine the influence range of each factor, including the particle contact radius, normal stiffness per unit area, shear
stiffness per unit area, critical normal stress, critical shear stress, and bonded disk radius. Among them, the normal stiffness per
unit area, shear stiffness per unit area, and bonded disk radius were selected as the significant factors after the two-level test.
The steepest climb test combined with the response surface (Box-Behnken Design) test was utilized to further reduce the range
of the significant parameters. The optimized results demonstrated that the total model decision coefficient R* of quadratic
regression was 0.992 2, indicating a better fitting performance. An optimum combination of parameters was obtained with the
objective of the minimum shear force: the normal stiffness per unit area was 1.185 x10® N/m’, the shear stiffness per unit area
was 9.091x10” N/m’, and the bonded disk radius was 1.655 mm (the rest of the other non-significant factors was the median),
the particle contact radius was 1.6 mm, the critical normal stress was 10.0x10° Pa, and the critical shear stress was 10.0x 10° Pa.
The optimized parameters were simulated to verify by the field measurement, where the relative error between the simulated
value and the measured maximum shearing force was 0.89%, indicating the correct model and reliable calibration parameters.
Different blade curves were also used in the EDEM software and texturing instrument, in order to verify the generality of water
chestnut modeling. The relative error between simulation and measured values was not more than 7.41%. The more stable
stress curve of the convex blade without the sudden change of force can be expected to prolong the serving life of the blade.
The convex edge can greatly contribute to reducing the maximum force in the process of water chestnut cutting. The finding
can provide a strong reference for the design of various devices during water chestnut production.

Keywords: discrete element; shear; water chestnut; parameter calibration; bonding model



