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Investigation into Crack Propagation Laws in Compression Shell-breaking
of Deeply Veined Walnuts Based on Image Segmentation

LI Lixia WAN Shuilong CHEN Xianghao HU Weiming ZENG Qingyu CHEN Shen’ao LIU Taoyi
( Faculty of Modern Agricultural Engineering, Kunming University of Science and Technology, Kunming 650500, China)

Abstract. It was designed to clarify the mechanical behaviour and crack propagation mechanisms of
deep-ridged walnuts under compression shell-breaking, and improve kernel integrity rate by directly
observing and quantifying crack evolution. A dual-view synchronous high-speed imaging platform
integrating force-displacement acquisition was constructed, and a pixel-level crack segmentation pipeline
based on YOLO v8m — seg was developed. In comparison with YOLO v8n —seg and YOLO 11n —seg, the
proposed model was found to achieve a precision of 86. 3% and an mAP50 of 82. 3% for the crack class.
An annotated dataset comprising 3 600 pairs of front- and back-view images was established, and an
imaging magnification calibration coefficient was introduced to unify crack measurements between the two
views; on this basis, total crack number, total crack area ratio, and crack quadrant count were defined
as three reproducible crack descriptors to describe the spatiotemporal evolution of cracks. A two-factor
full factorial design was adopted, with equivalent diameter (30 ~42 mm, six levels) and compression
direction (transverse, ridge, longitudinal) as independent variables, and compression strokes were set to
6.7 .8 mm according to walnut size. Two-way ANOVA results showed that equivalent diameter and
compression direction had highly significant effects (p<<0.01) on mechanical response, crack features,
and kernel integrity rate. Typical force-displacement curves were observed to be divided into three stages,
consisting of an elastic rising stage, a stage in which primary cracks were initiated and were accompanied
by a sharp force drop, and a subsequent stage of stable crack growth. For all test groups, the maximum
compression force was found to range from 190 N to 280 N and the total work was found to range from

620 J to 1 000 J; transverse compression was associated with lower energy and more stable shell opening
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than the other directions. During mid-stage loading, the crack number was observed to reach 4 ~7 and

then to merge into 2 ~3 cracks toward the end of compression, while the final crack area ratio was found
to stabilize at 10% ~20% . When the crack area ratio reached a peak of 29% and then was reduced to

18% as compression progressed, this range was shown to coincide with the best kernel integrity rate

performance. Walnuts with an equivalent diameter of 34 ~ 36 mm compressed along the transverse

direction were demonstrated to perform best, combining lower energy consumption, a stable shell-

breaking mode, and a maximum kernel integrity rate of 73% . The proposed vision-based segmentation

framework and crack descriptors were shown to provide an effective basis for in-situ fracture analysis of

biological shells under load and to offer practical guidance for the design and optimization of low-damage,

controllable shell-breaking equipment.

Key words: compression-induced shell cracking; crack propagation; image segmentation; YOLO v8;

mechanical properties; kernel integrity rate
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Fig.1 Three principal diameters of a walnut

23529 R R W
o _ /TS (1)

T

SR, B A AL AR ER B 2 (E R 0.91, R B K
ST AR 3 42 RS B A BRI

Shy S BRE RE AR B o Ak A3 GO0 R 5T R RONE , T
IR E SR ERE DI,

D= JTSL (2)

2T, 98% W AR R AL H AR o i T 30 ~
42 mm JEE A, BRI, DL 2 mm Sy ] R R4 6
AR (30 ~32 mm 32 ~ 34 mm 34 ~ 36 mm 36 ~
38 mm 38 ~40 mm 40 ~42 mm) , H 4375 15 40 a0 2
Fim BT A IEAS

140
120
100
80
60

BMEE A

40

30~32 32~34 34~36 36~38 38~40 40~42
AR B mm

B2 SRk H AR
Fig.2 Distribution of equivalent diameter

TE 600 4~4% Mk FF b o Bl AL 3% B 20 >, 7E 50°C
Gl KT B A v T MR 2 R O R R I KR 25
INKE R B K REFRTE T% ~10% IX ], 22 F 80
BAEMEAKT FREVLER 5 A6k, F kst
JE 52 R 45 SR B 45 S AL AR KT ] Y e TR 25 5
BN BT RL S ARR DL B RARE N EEHE
1.2 NE5E&#E

IR S % A ER AR R £ Rk s T &
YE RO &, H3h J) RGHEL & SES0 x 508 il .
%G I AR 5 00 B AL IR Es , nl 52 SR 4R B
RSB, kR fEEES 2 &
WP — GUTO50M I Tk A AL ( 43 B % 600 {2 F x

800 {33, Wi 350 £/s) [A] 2K £ o 2 HARMLS 4
KT 58 X0 B AT Jrp 22 2 B TR BN, 5 SRR B 5
L RN 15 em, DL BOBUHL A R R S
NP 3 7R o REASHEE S B0 E il B 5 L 4 RS
0. 02 mm FYECF s bm R ] RGE 0. 01 g Y1 FF K
BT R A 5

PILC

o

Tl ARKL
T

SREL

M3 R
Fig.3 Experimental device
1.3 #HFEREIZIT

FH A0 T 0 45 SR R A, Y 6 ~ 8 mm
h, BBk e 7840 F R B A 5/ B AN R
6 mm 55 B R A 58 4 I R 5 i i A
8 mm W25 . 3 AL A ALARAR 45 AU o DR, S 3
B e R 5 A S A L R AR AR R B AR 30 ~
34 mm X (8] (1 /N ROSF R Bk 8% A B 1815 Oy 6 mm,
34 ~38 mm [X [i] {45 RO SEAZ Bk BF R A B [ e
7 mm,38 ~42 mm X 8] {1 KR SF AR AL [ e
k8 mm" "

W RHAMHEEN T HE, REFZRKENH
BONZEA) S5HEIH(NE B) ™ L HZE/EM
X e ik AR A S e I8 B KN R 1 s . A
AR R AR YR 3 AT 14 B R 6 SRR ELAR B
Be, 36 18 AR, 41 20 Ak, TR 3R A A
b Br 1 A0 B I 1 DL RCH AR . Ry D BB
Xif PG SR 4R 0t 1) 52 W), 48— 7E %8 ) OE A7 B 4 AT
W, P Z A S R4 — B

1 RBEZKFE

Tab.1 Levels of experimental factors

K- R H A%/ mm B £ 5w
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5 38 ~40
6 40 ~42

1.4 HygBEGHEED
141 S E0VEE G b £ 5 1ok
FEA IR 4L BE AL A0 B 10 S RE 5008 B T 4 07



400 & ok L

L

2026 4

SIS B ST AR, A 10 ASRE & IS T AF
Oy EVEIESE o BEASRE S A IE T L T A 45 T sl
I 10 i 75 56 B A 22 250 0 A G, IR T
FREE T X 245805 8 Wk 78 24745 40 10458 R AR T, b
TR 4 FrR . FEARAE 3 600 1EH A R T 18]
15, FF 4 LU 70 1 2BEHLI 2> g I R B 3iF 45 15 )
AR, MR TR 6 ek 5 A B ), T i A
PR R O 2O I AR 5 A 1 S R
4 45 R LA B BB AR VI R4 IR 4 S
AR KOS 512 10 0801 440 720 i .

Pebte
s

4 ZRurlbr i
Fig.4 Example of crack segmentation labels
1.4.2  BERIPE£E 5N 16 IR
e 58 53 H) Can B 73 ) 300 2 e ) 45 ) 7 52 2% i
PREREE T X ' IR R A 7 A B O B X LA,

Bottleneck
shorteut=?

EPUNE S ZHRE L 04 AR HROEE 40/ i) 280 H
s [ I, B B e e I 3 T 7 AR Y RO B KO R
PG HE— 2D W 55 1 RS B S R M

I Z T, & B 2 0 4 0] 3 5k oty 31 o 1 25
IR Z AL, W E R R 5 2R EOE SR
A SR IYIE I B 5, Hob YOLO 2 91 45 Y 7 52
151 53 F A 55 v SRS BE 5 8003, % /N ROBE H A 19
IR BUR 16 S AR R SRy R 5 4 . BT LA
R YOLO v8 5 YOLO 11 %1 3 MR MEBIAL,
YOLO v8n —seg . YOLO v8m —seg A1 YOLO 11n — seg
Xt P e, o, YOLO v8m — seg >R I okt it
CSPDarknet 3=+ [ %% 5 PAN — FPN X0 [i) 45 fiF fil 45
S5, LA Ak 22 RO AR AIE 2 35 A AIRL B 24 20 {5 B
PR, AR S A I Sk 5 23 Sk b R 3 FORE S
R L, S 3 v 3 g (149 S 49 43 0 U R, HC R IR 4 A
s s

UL A BB DA 48 bR AL 45 K B % (Precision,
P) A [1 F (Recall, R) FlF ¥ 45 B 2 {H ( mean
Average Precision, mAP50) N il FAURET
oy FUE 55, B 7R LS Rk RS e ) BRI
Zraf R [ I 4y 1 box (KZIAE ) 55 mask (431 #E i) 2

Battleneck ( N (O )
shortcut=True SPPF

Conv
Cony 12585 3@

fi=il, s=il, =)

Y
v

Conv
1523, 6=, il

C2f

»

shortcut=False

Conv
fi=il, e=il, =)

Battleneck

BatchNorm2d

shortcut=True, n=3xd
C2f

shortcut=?|

Conv n

k=3, 8=0,p=1

J

v

Conyv
=g =N =0

C2f
shortcut=True, n=3xd

C2f
shorteut=False.n=3xd

Upsample

=

Cc2f
shortcut=True, n=3xd

=

C2f
shorteut=False, n=3xd

K5 YOLO v8m — seg [ 4% 45 4
Fig.5 Architecture of YOLO v8m — seg network



% 8 31

E A BT ER B IR SO BB T A e RSO B 5T 401

KGR, LGB FH BT HAR, &R P R
mAP50, AVE A AR REIE N 45 45 o
1.4.3 AR &

JIT A AR 25 5 PP A R 1 TR 48— BRORE 7 3A 45
AT, AR ORGSR AT et BRI R 2 BR .
Yl FE b, dim A R R 2 — %y 640 {8 R x
640 {2 2% , LK/ (batch size) B4 16, Fi RIEA AL
(‘epoch) i 1200, 3% & B =ML ( patience 24 100)
PLB (ki 04 o

x2 WHREMKERE

Tab.2 Hardware configuration and software environment

EA T/ SR I
PERSG Windows 10 64 {if
CPU Wk JR R4S 7 — 9700F@ 3. 70 GHz
GPU NVIDIA GeForce RTX 4070 12 GB
NA/GB 16
Python i 4 3.8
PyTorch A% 2.0.0
CUDA i 11.8

1.5 HERMEEREX

N5 B MR BT e 8 e 1o e 28 ST AR R A Y G v
AT, R T RLRIPERE RS U AR i BORCR fe AL
S oy FIRERY 0 A 156 4 PR T SR 0 A R A
FFERY 10 A A% B AE AR 2 17 4k BE, A3 A% B 9 IE 1
55 T LR Wiy ) 2R B bk TE . i Tl
I FRBE Sk S LR Y 52 e, XU A AR AR G A IE T S
T AR HLAFAE— RE BB AR AR R 22 55, A ke L O T T
(LR SR N B i SO NN TSR VS TP S ¢
PEATG— A, U R o thIE T e AR R W
ASANCEEEIS e W

A
o= zh 1l (3)

Alben
Horp A{hell = z MZheH (4)
A[:hell = z M[:hell (5)

Xf A — Bk AR R

M, — M 5E E AR, 0 1

SRk IE T

b——RBk T I

h K T SE 37 2R SUTE A% B e 3 T 23 [ 23 A 4

i, AR 72 5Tl (e, e, ) O JEUaa 3 S B R 7K AL A
RO XY A 2 T AT A G T AE Yy 9E
TR . fELE AR T, K 4% Bk I T 141 5 45 308 )
Tkl oy 4 SRR A EXEOE —RR Qi
WU 0, .05 Q75 T R 28 LU 1) 3 KOk o I
BRI 5 S A 8 RER(Q5 ~ Q) , UnFE 6 FT/R

() IETT (b)’a“
6 AebrgBR% 4

Fig. 6  Schematics of coordinate quadrant division

i g T A5 2 B0 B T AR KA AE R A
PN 3 A FRARTE AR DL 4 1 Sz e 220 i AL LA, 23 i)
NBGUBHUN,,, BB AT R IR E 5 205 T ]
d R o o, RSB BB IE T T 53 ) 45 5)
F1%) i A 0 ST 0 S A B 2 R0, T A e B £
S MBI EREER R 8 MR A R R
B, T A L0 A (] 3 A5 O 5 2SR T R
FERIRIE VT T 2420 ST FR o A Bk A A T AR Y L
F T A AR AR B AR 30

N = N{-,.mk + me(-k (6)
8
E=Y I(C) (Ee[0,8]) (7)
i=1
sz:m(-k +0‘2M[ k
total — 3 b h
2 (Mimk + M{hen) + az (Mf-,mk + Mihell)
(8)
/\l:,:(
Ci: Z M{:-a(:k(xyy) +ta 2 Mi-m@%)’)
(x,y) ed); (x,y) €2,
(9)
1 (C,>0)
I(C,) = 10
IR (10)

K N —— 2ok il 5 bRk

M.k 2480 AEHERE B 0.1

C, 5 ZIRRSURE A

1(C)) Nk
1.6 B{I-&mitAE

KA~ o A A Bk o T SR M RE

S AR MR LY/T 1922—2010 (% Bk ) LI K
GB/T 20398—2021 { 1%tk U S i 2 S5 %) B B 1
EERHE AL S AT oy s — B
TR R AT A T R . R R
1%, BT AARBIE 5T DL B A R die /N B, B T A3 55
F2ANA—BAETF 4D B 5 A B R
B VER VAN Rk e BT i B A% O Fe b, TR R

B="7 (11)

AN A MR Al e S AR AT Y T B
¥, ne(0,1,2,3,4)

Xf o




402 P S 1 R = I 20264
350 -
— LT
300 —— {i# 1
250
-6
z 200 z
R E
g 150 - 14 3;%
(a) 1= (b) — 1= 100
12
50+
L L 1 1 0
0 2 4 6 8 10
Ff )75
8 eIk 1 A % AL Ak ith £
Fig.8 Variations of compression force and displacement
(e) —H81Z (d) #1=

I S

Fig.7 Nucleolus classification

2 HREHH

2.1 Ry oyREBMRE

% ] YOLO v8n — seg, YOLO v8m — seg.
YOLO 11n —seg 3 Fh S 451 43 #I LAY, 43 550 76 ik <7 ) 3K
B Fs AT, 45RNE 3 iR . X T AZBESE (shell) 28
B,3 KR P R, «mAPSO,  HR T 98% , %
WY 7 AR 43 80 AH XF 25 B, RO X L 9 OQ B 2 2 4
(crack) 25, 453 7R, YOLO vBm — seg #5271
mAP50 ik 82.3% P, . ik 86.3% , T A AL 2
o BIR R, N 81 3% WA T 55 4k 2 AL (H LU
BEATR ) % A A8 45 I B RS Y R AR T, AT B K U
G FVAH /NS A SR A B AT 55 R oK o P D) e 4 ik
£ YOLO v8m — seg 1 4 70 #I #Y FHIAY

x3 #EERIGEHR

Tab.3 Model training results %
LAY s Pk R mAPS0,.
240 60.3 85. 4 76.3
YOLO v8n — seg
bk 99.3 99.8 100
Ry 86. 3 81.3 82.3
YOLO v8m — seg
Bitkse 100 98.3 99.5
L 58.8 86. 4 73.1
YOLO 11n— seg
kst 99.2 98. 8 100

2.2 HFELENZFNR

A 21 R MG AE B 1) B TR R ) o i o R AR —
B, 8 o L R i e 2k nl o 3 A
BrBr, 53CHk[28 - 29 [ WRoE 4 A — 2. 20 1 BB,
FEVRARMERL, S5 40 50 B2 K, APk £ R AR T A
eI et B, (78 (RIEJE &) 218 3 1<
55 2 BirBL, YR 135 BB R R f R AR, BB 5T o
JEM B AR, T REOTT IR W A IR YT R, i T REL
7= A, FEMR T IR 0 T B 4 A ik B2 T 3 R il ,

JE 77 H A B B 2 AR OK S B 282 fH 29 2 mm
PRI 2 6 mm £ A7 355 3 Bir B, oo i A R 8L
Ja AT — B FR AR R B EE 7, Bl A B R Sk 9 4k 2L
b, — BB VR G S B0 WA R, IF AR BB 7R X A i
TR P Y e ) 2202 1] I ) — SR AN WA S LAk SE R
W, WA PR AR B BB RS R,

PR Bk Ty 2 R MR R AT OB R 2% 4r B
(ANOVA) &R A FEMERE, HNE B A ET
mo A5 B YRR RS (i i 2 m & B B i
AR R I1) EAE AL (T —f0 R i £ B ik B 5 K
YIRS ) A ) (NN 8T 1h 2 ) W Y g
HEIA) 5 A (FHEGRAET ) Rt ae R A ) X &
Mg i R0 (p<0.01) , H % 58 B AE FH W) BRI 3%
(p<<0.01) . Z55 Ui B, ka7 19 ) 2 5 IFE
R — R R P E

ERE AR B E 5 [ A 7 2 R Y 52 ma 2R an
B9 frw. B 9w A, 5% B 3 i KEF R 78
190 ~290 N 2 [a], ifii s T #E 620 ~1 000 J =[], %
2 FVAZ T5 1) 5% s ) A Mk B R % T g (DB, 75 L 0
(B Ty DL Ko S5 3y 25 0 B o 45 280 B AR 3G R 3G R, R W
A R R O, L85 A4 R AR 22 Bt BT 24 g T B
2 WK 5 e ) R (E T A Bk A 25 I 4 7 AR
QLEFRFIRCEM BB E 2D, 5 MAN
AU BRI S — B RS AR DT 1 B R AR Mk AR R B
JEJ7 WEAEALAS E(EY) BTSN TR T
], 2% BHAZ MR A2 1% 7 ) I 45 R AR MR 30 25 L) fig
I8 AER/ N IE AE TF W e b fig f B AT P AR AL
I HAZ 7 1] 45 3 24 R A S 1) {1 Bl 45 530 B A8 A b e 34
WA R T e 2 MR T5 1), 76 30 ~ 34 mm [ Bl 5 55
R AR 1 R 32 W 4 R, 7 36 ~ 42 mm 5 [ Bl 55
RUCE AR B RN 22 48 el /)N 7E S A B AR 34 ~ 36 mm
DCTR] A e RAE, e K 8% 1o 231 N2k
760 J, 2 W2 DX 0] (4 470 < BE ) e o o
2.3 EHEAZRSHEA BN RIS TSN IEME

HTF YOLO v8m — seg B BY [y 73 F 45 1, X £ 1



% 8 31 E A BT ER B IR SO BB T A e RSO B 5T 403

280 |- —=— fiE
—e— 2
—— Yz

240

220+~

B KB E SN

200 |

180 | 1 1 1 1 1
30~32 32~34 34~36 36~38 38~40 40~42
G H AR /mm
700 |- —m— {12
—— Witz
600 - —a— 412
500
400 -

300
200 - /\\-\'

100

U 5)/1

1 1 1 1 1 1
30~32 32-34 34-36 36~38 38-40 40~42
R H A% /mm

501 —=— i3
—— hifE
[ B

1A 57 £ /mm
n5 g
=]
T

L L 1 1
30~32 32~34 34~36 36~38 38~40
LR H A% /mm
1050
| —=— fHfE
e I
950 - —— Yh1&
900 |
850 F

fseili|

800 -
750
700 |-
650 -

1 1 1 1 1 J
o0 30~32 32~34 34~36 36~38 38~40 40~42

A% /mm

K9 BF I ek

Fig.9 Compression force characteristics
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Tab.4 Two-way ANOVA of crack characteristic

quantities

2 5 B
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B G Ve TON ;] B 0.05 <p=<0.10
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L0530 SR B2 AB 0.05 <p=<0.10
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