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Abstract: Kelp is one of the most common large macroalgae in the ocean. Its presence poses a risk of
propeller entanglement for ships, deep-sea exploration equipment, and other such assets. During its growth
phase, it can be used as a coastal protection material, and after harvesting, it serves as a raw material for
food, chemical industry, and other sectors. Therefore, there is an urgent need to conduct hydrodynamic
analysis and mechanical research on its damage process. However, there is a lack of accurate mechanical
models in relevant studies. In this paper, key mechanical parameters of fresh and mature kelp were
measured through experiments. By adopting the method of combining elasto-plastic constitutive model with
principal stress failure, a mechanical model for fresh kelp is established based on the ANSYS/LS-DYNA
software. The results show that: the shear failure process of kelp is characterized by a transition from local
progressive tearing to sudden fracture; comparison between verification tests and simulations reveals a
maximum error of 8.248% ; elastic modulus, yield strength, tangent modulus, tensile strength, and shear
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strength exhibit non-linear growth with increasing loading rate, showing a significant strain rate effect;

elastic modulus, tensile strength, Poisson’s ratio, and static friction coefficient are the key parameters

influencing the kelp mechanical model; through application range analysis, the ultimate tensile strength of
kelp is 2.445 MPa, and its ultimate shear strength is 0.693 MPa. The kelp mechanical model established by
integrating loading rate, elasto-plastic constitutive model, and principal stress failure method provides a

certain theoretical basis for research related to the mechanical properties of kelp.

Key words: kelp ; shear; parameter calibration;; finite element
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Fig.1 Schematic diagrams of kelp sampling
(a)intact kelp; (b)sampling method ;

(c)dimensions of dumbbell-shaped samples
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Fig.2 Principle of kelp Poisson’s ratio measurement

(a)schematic diagram of kelp sample with sprayed speckles ; (b)working principle of video extensometer
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Fig.3 Test equipment

(a)universal testing machine ; (b) front view of lever-type fixture; (c)side view of lever-type fixture; (d )shear platform; (e )upper cutter; (f)lower cutter
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Fig.4 Experiment for measuring friction coefficient

(a)experiment for measuring static friction coefficient ; (b)experiment for measuring rolling friction coefficient
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Fig.5 Stress-strain curves

(a)engineering stress-strain curve and true stress-strain curve ; (b)parameter points on the true stress-strain curve
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Table 1 Test statistical parameters

Load speed/(mm-min ") E/MPa o,/ MPa E,/MPa o,/ MPa 7./MPa
5 5.3621.007 0.22940.050 3.454+0.260 1.28840.168 0.631£0.069
25 5.691+0.480 0.316+0.070 3.942+0.264 1.5584-0.264 0.676+0.043
50 6.357+£0.984 0.347£0.079 4.120£0.192 1.869+0.275 0.6864-0.043
100 6.401+0.556 0.43740.090 4.371£0.174 2.021+£0.303 0.69540.118
200 7.88441.505 0.499+0.127 4.93840.267 2.304+0.474 0.71340.107
Total 6.339£1.258 0.366+0.125 4.165+0.543 1.80840.461 0.680=£0.080

Note: Other constitutive parameters are as follows.,0=(1.080+0.020) g/cm®;y=0.34140.061;1,=0.364+0.041;,=0.067+0.004
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Fig.7 True stress-true strain curves and statistical charts of parameters varied with load speed

(a)true stress-true strain curve; (b)elastic modulus; (¢)yield strength; (d)tangent modulus; (e )tensile strength; (f)shear strength
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(a)average strain rate-load speed ; (b)true strain rate-time; (¢ )true strain rate-true strain
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Table 2 True strain rate analysis
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/s é/s ! é/s ! Reduction ratio/ %
115X107°  1.389%10°  8.96X10*  35.493 22 BYSITEHERIE
5.66X107°  6.944X107°  4545X10° 34551 Plackett-Burman [H 5 i 1% 5 56 25 X 3 T 57 LK
1.10X107%  1.389X107%  8.691x10°  37.423 K if5 (3R 3) , BT SR IF T HOT 45 R (R 4) .
2.174X107%  2.778X107%  1.677X10°%  39.616 R 5 NI G 22 B FEA BRI A p (H20.01, 3%
4.28X10°%  5556X10°%  3.299%10°%  40.609 BRI 3 FOrh XM 3, X X X o AR S
PMHEADE .
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Table 3 Factors, code and levels of Plackett-Burman experiment
Level v(X)) o(X,)/(g/em®)  E(X;)/MPa  o(X,)/MPa E, (X;)/MPa 0,(X;)/MPa  7,(X;)/MPa  p(Xy) w(Xy)
—1 0.280 1.06 5.211 0.246 3.678 1.294 0.633 0.323 0.063
1 0.402 1.10 6.957 0.527 4.545 2.324 0.813 0.405 0.071
x4 TWRIHTAREER
Table 4 Experimental design scheme and results
TestNo. X, X, X, X, X. X, X, X, X, FJ/N
1 0.28 1.1 5.211 0.527 4.545 1.294 0.813 0.405 0.071 16.489
2 0.28 1.06 5.211 0.246 3.678 1.294 0.633 0.323 0.063 15.662
3 0.28 1.1 6.957 0.246 4.545 2.324 0.813 0.323 0.063 24.47
4 0.402 1.1 5.211 0.527 4.545 2.324 0.633 0.323 0.063 20.938
5 0.28 1.06 6.957 0.246 4.545 2.324 0.633 0.405 0.071 24.69
6 0.402 1.06 5.211 0.246 4.545 1.294 0.813 0.405 0.063 15.249
7 0.402 1.1 6.957 0.246 3.678 1.294 0.813 0.323 0.071 13.886
3 0.28 1.06 5.211 0.527 3.678 2.324 0.813 0.323 0.071 21.056
9 0.402 1.06 6.957 0.527 3.678 2.324 0.813 0.405 0.063 22.725
10 0.402 1.06 6.957 0.527 4.545 1.294 0.633 0.323 0.071 14.171
11 0.402 1.1 5.211 0.246 3.678 2.324 0.633 0.405 0.071 20.676
12 0.28 1.1 6.957 0.527 3.678 1.294 0.633 0.405 0.063 17.08
RS XRERFTESH F o TSR B R 44 B E N R RS 54l
Table 5 Analysis of variance of experimental results A M3 Plackett-Burman S 45 5 % X, XL X XS
Souge SOl Degrecol Mean o A A 5 00 060 T, B b AR B PR 22
squares _ freedom  square PEHR L i BME . SER e b 8y U1 7, 2
)“f:’de‘ e SO ok R AT 20 AT HTR . KI R AR
X, o001 0.00 00001 0.9934 S e RNz 6 MK 7 s . MR 745 LT
X, o3 1 103 2137 0.0438+ JC AN ALEH BN AN [RGB R g A BT U0 1 5
X, 0.3939 1 0.3939  2.09  0.2852 X0 X5 X X G i 1 — ik 2 =K [l g B AR dn =X
X, 2.02 1 202 1071 0.082 (16)~(19) iR o
X, 147.13 1 147.13  780.55  0.0013%x F;=18.30 — 0.8514X, + 0.4043X; + 1.52X; + 0.1675X
X, 0.0361 1 0.0361  0.1914 0.7045 —049%61X, X; + 0.2506X; X; — 0.0851X, X, +0.2684X; X, +
X, 3.77 1 3.77 20.00  0.0465% 0.0106X5 X — 0.0371X; Xs—0.3954 X7 + 0.0932X ¢ +
X, 2.22 1 2.22 11.75  0.0756 0.0370X¢ + 0.0031X¢ (16)
Residual 0.377 2 0.1885 Fi;=18.28 — 1.10X, + 0.0166X; + 2.34X; + 0.4516X
Cortotal 17157 11 —0.1762X, X5 +0.7700X, X; —0.1170X, X —

Note: **indicates that the item is highly significant(p<<0.01) ; *indi-
cates that the item is significant(p<<0.05).

0.0609X; X + 0.0862X; X + 0.1668Xs Xs —
0.6940X7 + 0.0638X; — 0.0128X¢ — 0.0019X:(17)
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%6 Box-Behnken LI E = 480 57k F Fy=20.11 — 1.05X, + 0.5242X, + 1.60X, -+ 0.2610X,
Table 6 Factors, coding and levels of Box-Behnken experiment —0.5032X, X; — 0.0412X, X — 0.1245X, X +
Tord o/ N - N 0.1884X, X, — 0.3447X, X, + 0.1090X, X, —
(mmemin ) ! ’ ’ . 0.3477X? — 0.0821X72 + 0.1313X2 + 0.0764X?
5 —1 0.280 4.335 1.120 0.323 (18)
0 0.341 5362 1288 0364 Fo0=21.53 — 0.9659X, + 0.3690X; + 1.71X; + 0.0825X
! 0402 6369 1456 0.405 —0.1581X, X, + 0.0289X, X, + 0.0276X, X, +
. e 0.2489X; X; — 0.0868X, X, + 0.1271X, X, —
f gzg; 6?31 1822 giﬁi 0.3967X7 — 0.0071X2 + 0.0483X7 — 0.0158X2(19)
- L oss sam Leor oaos S LR 07 25 504, G5 RN 8 s . A
0 0341 6357 1869  0.364 By ) 7 [ A AR R 1 5 2 K p (E /N F 0.01, AT A
o040z 73 2144 0405 B 535 5 S DL K 19 p K T 0.05, %)
10 o 0se esh LTI 02 [T R0 £ 4005 35 9 v T D [ 0 200 5y 2 5
L SR G I AR L 4 AR B e R 550

0.9598.0.9633.0.8913.0.9301, 15t FH 4 MY 1% R2¥44b
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Table 7 Box-Behnken experimental design schemes and

response values under different loading speeds RS AREMBIEE THIEIFRE T E 2T
F/N Table 8 Box-Behnken experimental design schemes and
et X X, Xy Xy 5mm/ 25 mm/50 mm/ 100 mm/ response values under different loading speeds
No. ' ’
min min min min p-value
= Source -
1 -1 —1 0 0 17.9328 18.7675 20.0495 21.5450 5mm/min 25 mm/min 50 mm/min 100 mm/min
2 1 —1 0 0 176181 17.0236 18.8772 19.7779 Model <0.0001"  <C0.0001"  0.0002" <0.0001"
3 —1 1 0 0 194413 19.0324 21.4484 22.8094 X, <00001"  <0.0001"  <0.0001"  <0.0001"
4 11 0 0 17.1424 16.5838 18.2630 20.4098 X, 0.0014™ 0.9087 0.0166" 0.0263+
1 1 16.3809 16.2401 18.5599 19.7890 "
g o0 =l > X, <0.0001"  <0.0001"  <0.0001"  <0.0001"
6 0 0 1 —1 19.5620 19.8652 21.4355 23.0912 .
X, 0.1217 0.0067 0.1971 0.5877
7 0 0 —1 1 17.2641 16.7359 18.9407 19.7980
XX, 0.0137" 0.4859 0.1539 0.5489
8 0 0 1 1 20.2970 21.0282 22.2522 23.6087 .
9 —1 0 0 —1 18.6777 18.2927 20.7208 21.6919 XiXs 0-1765 0.0074 0-9036 0-9121
0 L 0 0 1 169056 15.6585 188718 19.9412 XX, 0.6363 0.6418 0.7147 0.9162
1 —1 0 0 1 19.0511 19.3883 20.9461 22.0541 X3 X 0.1497 0.8081 0.5815 0.3499
12 1 0 0 1 16938 16.2861 18.599 20.4137 XX 0.9529 0.7315 0.3193 0.7409
13 0o —1 —1 0 16.7852 15.4394 18.3061 19.7264 XX 0.8363 0.5090 0.7489 0.6291
14 0 1 —1 0 17.3086 16.0308 18.9831 19.9587 Xz 0.0126* 0.0030™ 0.2060 0.0699
15 0 —1 1 0 189863 20.3976 20.85  22.5014 Xy 0.5114 0.7464 0.7586 0.9726
16 0 1 1 0 20.5832 20.7453 22.2805 23.7294 Xy 0.7927 0.9480 0.6242 0.8148
7 —1 0 —1 0 174770 16.5043 19.1393 20.5941 Xy 0.9827 0.9923 0.7751 0.9386
18 1 0 —1 0 151163 13.3156 17.1786 18.5195 Lack of fit  0.8685 0.4613 0.9931 0.9997
19 —1 0 1 0 20.2355 20.2197 22.8227 23.9381 Note: “**” indicates that the item is highly significant (p<<0.01) ;
20 1 0 1 0 18.8773 20.1110 20.6974 21.9792 “+” indicates that the item is significant(p<C0.05).
21 0 —1 0 —1 17.9707 18.0243 18.4802 21.3214
29 0 1 0 —1 18.7990 17.5695 20.869 22.0309 %@Uﬁ‘EUﬂ*ﬁﬂﬁ*ﬁE@?ﬁﬂﬁﬁiﬁﬁfUﬁﬁﬁ%‘@
23 0 —1 0 1 17.9420 18.8709 20.1606 21.3094 . e
K p ATV o TE A NIRRT fE v 44N
24 0 1 0 1 188127 18.7607 21.1706 21.6715 471 o . o
5[0 3 M Y RNy =2
2% 0 0 0 0 186136 189691 21.2698 22.5170 i BRI A ARIEE 9T LIE H  IEARFEE T, 48
27 0 0 0 0 185375 17.8342 21.099 21.9413 5SRO0 BT 7 1 52 e i S5HH R E B 3 B 25 ~
28 0 0 0 0 183139 18.2220 19.2871 21.4683 100 mm/min #£47 Plackett-Burman 528 BT o Hof
29 0 0 0 0

SRR e AR SIS T B IE
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Fig.9 Trend of influence of single factors on shear force at various loading speeds in box-Behnken experiment

(a)Poisson’s ratio; (b)elastic modulus; (¢)tensile strength; (d)static friction coefficient

7E P 27K 135 Bl L R Design Expert 84 -
IR X S B T4k o AR I V5 (S (2.91
mm ) /AN [ i 28 580 T VA 5 D) B BT N 1Y 5 ) )
W7 Wiw 5T HARE X 5 AR AT R . 8
i Z WA B E, e A S B bR R a ) — 4
fife , AR LA 0.358, it JEE 482 XL 40k 0.361 B, 5,25,
50, 100 mm/min Jil 2k 3 B A 5 2R B 5 A
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4.691,5.832. 6.899 . 6.944 MPa, i fifi 58 FF 2 %] K
1.343.1.747.1.781 .1.811 MPa, i 9 s . 4580
7~ 7 L2 S 0 R R R 22 B KO 1.829 %6, X 3% B %
M AR E M T RN S5 i 3R
()2 58, % BN 28058 B A8 Ak 1Y) 5 AN A K S 5dk 17
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Table 9 Target values, optimization parameters, and errors of shear force under different loading speeds

Load speed/ Mean shear Shear force corresponding to a

(rmmemin1) strength/MPa thickness of 2.91 mm/N E/MPa o,/ MPa Simulation value/N  Relative error/ %
5 0.6309 18.3601 4.691 1.343 18.155 1.117
25 0.6763 19.6807 5.832 1.747 19.527 0.781
50 0.6860 19.9628 6.899 1.781 20.328 1.829
100 0.6945 20.2112 6.944 1.811 20.427 1.068

FE TR FH AR, 7 AR 23 e FLYE B AT DA 43 o
TR Y ASR<I0 s I, B TR A/ AR Y
MR AR AT 10 ~1072 s B, B T UE RS TE ;24
N AE A 10 '~10" s B, J@ T H R AR R [l 5 24 1 AR
BT 10°~10" s~ B, J& T i b A% H830 [ 5 1 24 1 AR
RIRFN 107 s B, TR 0 s AR R T R
W1 2E S BT T, — FBOXE DAk B4 e oy A8 8
IR AR 3R 107 s A B AR5 2 (14) B35 AN (] 0 A8 2R

X I B4 I 285 R i 2 5 B e A2 (20) ~(24) ] 4A
A5 204 1 AR SRR B AR g N AR 2R (107 s ) I, Vg ats Fr Ao
JE£h 2.445 MPa, 551155 B 4 0.693 MPa.

E=7.09638 — 2.97617 <X 0.96124"

(20)

0,=—0.23263 4+ 0.13802In (v + 23.85934 ) (21)

E,=0.82671n(39.26198In(v))
oy, = 1.62413 + 0.04109 In (v — 4.99893)
7.=0.6928 — 0.08411e 0519

(22)
(23)
(24)
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Fig.10 Fitted curves of constitutive parameters-load speed
(a)elastic modulus-loading speed ; (b)yield strength-loading speed ; (¢)tangent modulus-load speed
(d)tensile strength-loading speed; (e)shear strength-load speed
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Table 10 Theoretical constitutive parameters under a load speed of 200 mm/min

o/(g-cm™?) v 1 e
1.080 0.341 0.364 0.067

E/MPa
7.095

r./MPa
0.693

o/ MPa
0.514

E,/MPa
4.413

0,/ MPa
1.841

Fz11 200 mm/min FEEEHALEESHEEITLL

Table 11  Comparison between experimental values and simulation values of samples with different thicknesses at 200 mm/min

Thickness/mm Experimental value/N Simulation value/N Error/ %
2.84 21.74 20.414 6.099
2.81 21.87 21.58 1.326
3.14 21.92 23.232 5.985
3.34 25.12 23.048 8.248
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Fig.11 Simulation diagram of the shearing process
(a)t=0.063 s3(b)t=0.279 s;(c)t =0.423 s;(d)t =0.675 s
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