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Abstract: In order to investigate the d&formation characteristics of thin-walled ellipsoidal shells under local impact loads, an
extensive experimental study and_sifnulation analysis were conducted. The experiments utilized a light gas gun to perform
projectile impact tests, and threesdimengional Digital Image Correlation (DIC) technology was employed to record the
deformation process. This appreagh _algwed us to obtain the global deformation morphology, central dent depth, and dent
boundary of the ellipsoidahshelPunder different initial impact velocities of cylindrical projectiles.During the simulation analysis
of the projectile impact ontheNellipsoidal shell, particular emphasis was placed on studying the influence of three different
curvature radius yariations on the dent depth and the major and minor axes of the dents. Dimensional analysis was used to identify
the primary dimemsiohless independent variables that the dimensionless deformation characteristics depend on. Parameter
sensitivity analysis was conducted to reduce the impact of less significant parameters. Maintaining the same material, projectile
size, and shell thickness at a consistent scale, we derived specific response surface function expressions for the dimensionless
deformation characteristics in relation to the three curvature radii and velocity. The methods involved the following steps: First,
the projectile impact experiments were carried out using a light gas gun to simulate various impact conditions. Then, the DIC

technology was utilized to capture the deformation process in detail, providing accurate data on the global deformation
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morphology. Subsequently, the simulation analysis was performed, focusing on the effect of curvature radius variations.
Dimensional analysis was applied to establish the relationship between the dimensionless variables, and parameter sensitivity
analysis was conducted to streamline the model.

Our findings reveal that the dimensionless deformation characteristics are well-expressed by the derived response surface
functions, which correlation between the dimensionless deformation features, the three curvature radii, and velocity. Furthermore,
we propose a formula based on the dent depth and boundary to predict the global deformation. The expressions exhibit good
scaling effects and high prediction accuracy. These conclusions are now recognized as valuable references for the design of
protective measures against impact loads for large-scale curved thin shells in engineering applications.

Key words: thin-walled ellipsoidal shell; impact load; stereo DIC technology; dimensional analysis; response surface model
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Table 1 Geometric and material parameters of thin-walled metal ellipsoidal shells!20]

Parameter Value
S)/mm 240
S>/mm 160
S3/mm 40
Elastic modulus E /GPa 70
Mass density p /(kg-m?) 2700
Poisson ratio v 0.3

(a) Assembling schematic (b) Geometric schematic
K 2 BEERTEHEC R A R A
Fig.2 Ellipsoidal shell assembly/arid-dimension diagram
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Fig.3 Dynamic deformation of ellipsoidal shells at different velocities



mOE 5 &
Explosion and Shock Waves

H o [T R B 5 [T 7 T B M B e =) v o i R ) E AR TR I, SEIR S AU, A% TAER
Sl O [MIRE R BERTNIFEIL 5 o X B2 BT DIC 773245 21 0 v 1R 55 S0 i A5 D B 45 2 1) o0 1]
B, Frp DIC Hpot MR SZ PR TR ), SRR BN A2y, AT ARB RS MR we

B 4 0F EE 7 i A AR R e IR A R s K I [ VR FE 45 DIC A5 3 B K INIE IR L, R AT e/ — 3%
RN AR w-vo £, PRI E DT IR F X 22 E 00 1.588mm, SIS S5 RS i AF R R LR,
FEAE—E VBARAE, Bl NI B 5 AT SR, 20 ORI, 1 DIC 45 R ikt
KPR B3RS, DA — iz . B THEERE B B LIRS T o B e 7, KB o)
PRARBTEA A B U AL, R i SN s R R A TR BN, 5 DIC MRS R 22 A K.
A DIC J7iERe 8 IEMi R AT 12, 1ER] 1 DIC WRTVERI AT SEIE . Bl 2200 Ja ik B AR AT
LA e s IR R B B ME LA BIMRER TS I 2 R INIFE AR, N IR 4 /AT 2 5 MR 2 A
ERNE, L SR DIC A B M, FHothsi&Zmidit.

45

- e YExperiment
4 Dic

25 310 315 410 415 5!0 515 610 65
vﬂ/(m-s")
P 4 <250 I B v Rd [P B DIC I O MR
Fig.4 The dimple depth measured by experiment and DIC
T RE O RO R AT Y E R, REREHE .t T A SR Y, b b0 AL R R AR
ANE XA I MR BRI, R AR RGP e 20 T8 S SRR A U, e A 5 2 Fl B 4 EE A il 18
75 1 B IS 1028 A R TR X 3k, 0 Ve B 00l 25.69m/s [H) S8 43R 4T M7 o stereo-DIC EA T NS
WRZERUN, B 5(a) NVIEATR R XK, SRR AR K AR RS 18] 5(0)~(f) A3 i B ARk 7 A R i
ZIR SR = B RTINS 20 RO 5, ELREAG ph b i (38, b gl g vt i)
WY T, BB MR HATIE R Y, HEmARE.

w/mm w/mm
100 N 100
\X )
50 0.5 50
) 3
g g
g0 0 g0 2
- >
1
50 -0.5 -50
0
-100 -1 -100
-100 -50 0 50 100 -100 -50 0 50 100
X/mm X/mm
(a) Oms (b)0.5ms



mOE 5 &
Explosion and Shock Waves

100 w/mm 100 w/mm
12
15
10
50 50
. 110
£ £
£0 6 £0
= -
4 5
-50 2 -50
0
0
-100 -100
-100 -50 0 50 100 -100 -50 0 50 100
X/mm X/mm
(c)lms (d)1.6ms
100 Whmm 100
15
50 50
- 110 g
g0 £
= -
5
-50 -50
0
-100 A06,
-100 -50 0 50 100 A100 -50 0 50 100
X/mm X/mm
(e)2.4ms ()26.8ms

Bl 5 55— AEERSEA IR T AL A 22 181 (v=25.69m/s)
Fig.5 The first group of ellipsoidal shell displacement cloud images at different times (v=25.69m/s)
NIRRT EE, W] A RIREBR TS M R4 57 X IR I — R PR RE ek 2k, AR 72l
FHXFEL N, FEBRSE i 77 100 8 T R AR I Tmm 1) X e SO MR X d . FEBLFERIL b, XS ARk 7 M
BEA A T Je 2 v PR 530 792 10T P 2 SO R RIS B AR A AT 0T, b J3 RO BR 52 iR AT B S I 2
5 BBk e AR 10 S AR Bl e ohdk B2 A8 A0 O B -

180 T 1.5
160 14
£ 140
£
= 413
= o
Z 170k =
; 120 iy
E‘ P 412
a 100 - ="
. ’,*’ .
“’,’ . Longa)u.s.m 11
80 - 4 Shortaxis L2
P L1/
A
(‘0 L L L 1 1 1 L ]0

25 30 35 40 45 50 55 00 65
v/ (s

K 6 HHEERTE MR XAl L) 506 -5l L, Bl o s AR A
Fig.6 Variation of major axis L1 and minor axis L2 with impact velocity in ellipsoidal shell depression area
Kl 6 4R, (EFAR BT TR, FeR MR AL TR DX R [ 320 PR~ Al . R~ Al ) B ok
BERIMIGR, HITMUEIENEI R, HIMFE A DX AR5 Al 5 A 2 PEAE 1.4~1.5 2208, 53R
MR TR IR KL 1.5,



mOE 5 &
Explosion and Shock Waves

2 RS

2.1 Bk ERNSHRTRE

TR I S AT DIC AR W] LA B AN [R5 FE R 3R 52 AN [F] B 8] R (1 [T B 4 R AR T, (B2 2 R T
DIC - X3 DL A A0 B R EEHS , 0 T2 TR BRI 7k, Joikifind DIC 7772 58 B3R UK Ji il 57+
AL o PRI R A P B A T V0 S8 AT O B, 43 BT KA Al BE B I TR AR A R 0, IR 4
Jee LA 9 it 2R A8 A ol v BEAR R 70 78 T PR 52 i R A

i 7 Fros, FIH abaqus #E4T 15 THURBUE RGN, #i7e) LRSS 2 R 1 s S8
B, EEMRERSTI AR E N B AR S, RS ek A BB A e, VR AR A, DIIa o
TR AR BIT C3D8R, HEERfBRFE KA 7 IT S4R, S4R FRITHENSIE H T 7 B oo S b R FE A
TR . MRS EnR 1, WHERFEARA 5052A1, KA Johnson-Cook AHMEZAY, J€ AR SH LK
2; THME Y 450, BT e AR R KR BEARTE, KT BN WM S5 o3 B R
PRSI, &5 SR A& 7(b) s, 2% RE M1 B 152 B X A& RO 224k, 4ol HY RS R~ T
4mm. 2mm A Tmm 50T oG phet s8R R 5 B ik AR A 45 R R B AR R g BB
2mm I BEAEETE AR AT ERG R, NIt e AR RS B B Y4 )Ry 2mm AR

%2 2 5052 48 Johnson-Cook Zs#1& HY-&:#5120]

Table 2 5052 aluminum Johnson-Cook constitutive modelparameters!2‘]

A(MPa) B(MPa) C n m
121 327 0.009 0.544 1.12
45
Top View -A- lmm
40F —®2mm

—&— 4mm

Side View
A e m e
vo/(m-s")

(a)\Simulation mesh (b) Grid convergence test
P 7 R AN Bk 7 32 [ A TR A o o B RO Y
Fig.7 Numerical simulation model of thin wall shallow ellipsoid shell impacted by cylindrical projectile body
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Table 4 Orthogonal experimental design and simulation results

case p/mm Ri;/mm R,/mm Ry;/mm vo/(m-s) w/mm Li/mm L,/mm
1 50 200 200 200 30 15.14 47.1 47.1
2 50 240 240 240 35 19.31 64.8 64.8
3 50 280 280 280 40 22.72 70.7 70.7
4 50 320 320 320 45 26.87 82.7 82.7
5 60 200 240 280 45 24.85 54 62.3
6 60 240 200 320 40 21.12 53.1 46.3
7 60 280 320 200 35 20.29 79.5 89.6
8 60 320 280 240 30 16.28 71.9 63.9
9 70 200 280 320 35 17.92 42.6 55
10 70 240 320 280 30 15.56 503 63.2
11 70 280 200 240 45 2539 76 58
12 70 320 240 200 40 233 94.2 73.6
13 80 200 320 240 40 22.09 55.1 80.4
14 80 240 280 200 45 26,84 78.7 90
15 80 280 240 320 30 15.19 51.5 45.8
16 80 320 200 280 35 18.28 66.2 46.5

IRYEIEAZ SR LR, W 25 S B AT U - =t n & 13

pim J | Extreme variance analysis of w
35 Extreme variance analysis of L,
30, Extreme variance analysis of L,

25 4

R /mm

Ry/mm Ry/mm

K 13 2 HO AR 1A 22 70

Fig.13 The extreme variance analysis of the deformation characteristics of each parameter
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WREL p FIFERBABURSHL TR SEITR R, R LURBRIRE p X120 AR

fRERTE 2 J5 1A FIAGR L p FEBORVE I AR AR TR i KBRSl K BERZ AL, TR R A]
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RENEIURTE p R0l S RS, AT IR, 4 Sl 5 X7 bz oK T A2 T [X 5k
YO [ N AT DA HAE F, IAA JE S i 2 S 1R 77 R e PR ) R AR A 3 gt oK T [V B s X — 26 AR, B
ALEEL p e E . DRI JS 2 Tt vt v ml DA SE IR FE p 9 50mm,  BIESE p/h=50. 4455 = nT DL
A (10)-(12),

L, R R, R, mﬁ

= s ) ’ - 10
. ﬁ@;z-h W3) (10)
L, R R, R, myv,

= s ) ’ . 11
P f2(—h W Yh;) (11)
w R R, R, myv;
M s Wl B L 12
h ﬂ(h h h )%3) (12)

3.2 RTFHAREFE IR E B0 R miRE

2.3 WRHE T B AR B AR VTR U PR Tl P 5 R, A RO VTR L T R g e
SRR, B TR AR IE SRR SR R R

h[E5E 1mm, p [EE 50mm, RHIEZHEE, Riv Ryw R{YE 200mm-400mm i Bl N liFE, vO /£
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MRERF R T, FTCA R, Ry AE z J7 10152 JR it sy 12 B 42 B0 HE AL AL ) s i A, R bk e L
RISR,MATHMWMT, RAZEBRI IR 45 R0 5.

x5 WREEETETIR

Table 5 The calculation eondition of response surface model

R;/mm R,y/mm R3/mm vo/(m-s!) w/mm L;/mm L,/mm
200 200 200 35 18.45 52.9 52.9
200 300 200 35 18.95 55.5 77
200 400 200 35 19.15 57.4 99.4
300 300 200 35 20.37 85 85
300 400 200 35 20.64 87 113
200 200 200 40 219 583 58.3
200 300 200 40 22.37 60.6 84
200 400 200 40 22.57 63.5 107
300 300 200 40 24.09 92.7 92.7
300 400 200 40 24.82 95.7 123.5
200 200 200 45 25.43 63 63
200 300 200 45 25.87 65.4 90.6
200 400 200 45 2591 68 115.6
300 300 200 45 27.9 99.6 99.6
300 400 200 45 28.82 102.5 1329
200 200 200 50 29.05 68.2 68.2
200 300 200 50 29.38 70 97.1
200 400 200 50 29.26 72 122.5

13



1%

5 il

Explosion and Shock Waves

300
300
200
200
200
300
300
400
200
200
200
300
300
400
200
200
200
300
300
400
200
200
200
300
300
400
200
200
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300

300
400
200
300
400
300
400
400
200
300
400
300
400
400
200
300
400
300
400
400
200
300
400
300
400
400
200
300
400
200
300
400
200
300
400
200
300
400
300
400
300
400
300

200
200
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400

50
50
35
35
35
35
35
35
40
40
40
40
40
40
45
45
45
45
45
48
50
50
50
50
50
50
35
35
35
40
40
40
45
45
45
50
50
50
35
35
40
40
45

14

31.63
32.98
17.67
18
18.08
19.43
19.89
20.98
20.96
21.29
21.26
23.1
23.53
24.77
24.38
24.64
24.51
26.7
2719
28.56
27.83
28.15
27.8
30.42
30.86
32.63
17.11
17.36
17.14
20.37
20.6
20.31
23.63
23.92
23.51
27.04
27.37
26.81
18.7
19.14
22.22
22.72
25.87

106
109.6
425
44.4
45.6
66.9
67.5
94.4
467
485
50
73.6
76
102.8
50,96
52.83
54
79.5
81.8
110.8
54.68
56.8
57.3
85.3
87.6
118.6
36.3
375
38.5
40.1
417
423
435
45
457
46.8
4838
4838
56.7
58.8
62.5
64.8
68.2

106
141.8
425

60
76.4
66.9
86.4
94.4
46.7
66.3
83.6
73.6
97.7
102.8
50.96
72.2
89.4
79.5
104.6
110.8
54.68

78
97.1
85.3
111.2
118.6
36.3
50.7
62.8
40.1
56.5

70
43.5
61.3
76.2
46.8
66.4

81.9
56.7
74.6
62.5
81.9
68.2



mOE 5 &
Explosion and Shock Waves

300 400 400 45 26.3 70.2 88.8
300 300 400 50 29.52 73.7 73.7
300 400 400 50 29.84 753 94.6
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Table 6 Response surface model error

AT R2 RAAE RMAE RMS
wih 0.995 0.015 0.032 0.019
Li/h 0.996 0.012 0.036 0.017
Ly/h 0.996 0.018 0.05 0.025

RIASE ) By A8 ST W S TR PR RST BOSE Je MR RN, ST h=2mm h=0.5mm FI{5F EALAL, FHAL
Berh 3 AXT RN T, B 2 AR M kN 5052 55, JEFE4308 0.5mm. 2mm, 55 3 HFAEA RN 45
RN, JEREEN 0.5mm. B H VA FE N AR RN, AR 5052 a1 JE IRGRE N 121Mpa, AN 45 @R
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Table 7 Simulation deformation characteristics compared with response surface predicted deformation features.

mat A/mm Ry/mm Rymm Rymm vy/(m's') w/mm  w/mm  Li/mm Lla/‘n‘% Ly/mm Ly,/mm

Al 0.5 200 160 180 15 12.5 12.5 46.5 .</<\7.7 38.1

Al 2 450 500 480 80 27.1 29.2 90.8 /%O 97.2 104.9

steel 0.5 150 100 200 30 7.5 10.8 2 @L 17.8 21.9
\Y
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Fig.14 Predictive model's applicable range for concave depth under different veloeities and curvature radii.
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Fig.16 Response surface model global deformation compared with simu 1 deformation
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