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Dynamic deformation model of thin-walled ellipsoidal shells
under impact loading

FAN Shengyang, LI Jiangiao
(State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to study the deformation characteristics of thin-walled ellipsoidal shells under localized impact loading,
experimental investigations and numerical simulations were conducted. The global deformation characteristics, central dent
depth and dent boundary of the recovery ellipsoidal shell impacted by cylindrical projectiles at different velocities were
obtained by projectile impact tests on a light gas gun apparatus and three-dimensional digital image correlation (DIC)
technology for deformation process record. The simulation analysis focused on the effects of three different curvature radii on
the depression depth and the lengths of the major and minor axes of the ellipsoidal shell. The primary dimensionless
independent variables on which the dimensionless deformation characteristics depend were determined by means of
dimensional analysis. The influence of less significant parameters was reduced through parameter sensitivity analysis. Under
the condition of maintaining consistent scaling ratios for material properties, projectile dimensions, and shell thickness, specific
response surface function expressions between dimensionless deformation characteristics vs. three curvature radii and velocity
parameters were derived. A formula for predicting global deformation based on the depth of the depression and the depression
boundary was proposed. The established expression can well describe the size effect and has a high prediction accuracy, and
can provide reference for the design of impact load protection of large-sized curved thin shells in engineering.
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Fig. 1 Experimental layout of cylindrical projectile impacting ellipsoidal shell

(a) Schematic diagram of assembling (b) Schematic diagram of geometric
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Fig. 2 Ellipsoidal shell assembly and dimension diagrams
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Fig. 3 Dynamic deformation processes of ellipsoidal shells impacted by projectiles with different impact velocities

HRC T TR JEE (o) T IMT 663 140 B 2 0 B A Bk 52 32 Jma 3 el dcd A 10 B IR R A, SEBR 45 R, 3% T
BRFE I AL M TR RN 4 5 o DIC J5 3545 21 64 Hho O TUTER 5 S5 6 1 A 00 48 19 3 A9 O TR A
Xt b, Herp DIC ARG (M52 BRFI0 e ik 1), e iR bR (B i~ P20, AU RS MR

Pl 4 8 EE 1 A R IS B i M B R 3 5 DIC A5 381 19 5 R TMT B TR, SR T e/ —3fe ik,
I R A B 2 4% w-v, 28, 2 Rl 5 1 P 2560 1.588 mm. SEER A S, M R 2R,
FAAE—E B ERAETE , 4 10 M e B AR 3805 A T e A i, 3238 2 8 JE OB A, T DIC 45 2R B A5
AR AF L ARAT, IR, W Z B —E i 22 o 1 T BRSE B B LR AR S0 Tl X AR e i oe, KK
IR BRI A B JLATRFAE 23, At 2

ot B RO R I BN, 5 DIC K4S 45

M2 A K. AT UL, DIC J7 ik REHS IE B #5828 E 1o 40

8, AEWI T DIC A7 vk 1 AT Sk . 0 s U it s

I JE A AR T AR B v s MR R B, (H R = 30

ME LA B R 7 9 2 R MG AR T8, N T i 4 Jm) £ s

I 25l AR Z A E &R, Pk, %8R H]

DIC Jy v T T M 6T, I 537 3 A5 2 i » Experiment
S 3o X R S AT S A AL SR B <DIC

Ao P T il T R SR 3, bty R Ab 530 35 40 45 50 55 60 65

JRI AR /N B8 DX g2 ) BRI Bt S, AELAS 52 i X U] vy/(m-s™)

BRI 32 SRR A TR0, i i E A s A (R 4 B4 SCMiE S DIC M Lo R

A AT, A5 20 BE s (] A 1k B R DX, X Fig. 4 Dimple depths measured by experiment and DIC

083301-4



5 45 4 TR, 4. WEEEMEERETE il AT VT B9 Sh AL T AR R %8

R 25.69 m/s W SCIG LT 00T . Stereo-DIC FAG TN S iR 8/, Bl 5(a) HHIIR AR AR TE X
B, A HOBE R B AR 1] 5(b)~ () SRy st o i ek e A TRl s 220 1) B T i B8 = (B o AR 0 AR S [ e
ZI¥ R EIRDE s 7, HLBEE vhf i) B384, ohafi B i rhoO mlih SRR, IR BNE(E AL RS S, kST R TRE
Y, HERKRE.

/
100 "T0 100 wmm 00 W/lrgm
50 0.5 50 50 1(;
é 0 0 E 0 E 0 6
= = = 4
—50 —0.5 —50 =50 2
0
—100 =50 0 50 100 1o —100 —50 0 50 100 —100 =50 0 50 100
x/mm X/mm X/mm
(a) 0 ms (b) 0.5 ms (c) 1.0 ms
100 100 w/lrzm
12
50 50 10
8
g 0 £ o 6
-~ =
4
=50 —50 2
0
—100 =50 0 50 100 —100 =50 0 50 100 —100 =50 0 50 100
x/mm X/mm xX/mm
(d) 1.6 ms (e) 2.4 ms (f) 26.8 ms
K5 5 1 Ak AR 20 25 T8 0158 2 B (v,=25.69 m/s)
Fig. 5 The first group of ellipsoidal shell displacement cloud images at different times (v,=25.69 m/s)
WLEEALHE 2 [ AT 0, 0 Bk e 1Mo 0 5 IXC 0 180 15
LIK - RV AL, SR
i, 0 N 1.4
N, Kt k5 ik Dy ) B T AL RS B 1 mm Y [X g
Vo e E 140
BGE SRR X fESEERE L, XPERTE M s 13
I A R b A A (B [ 30 S ) A 2 Bl A = 120f Xy
SEAT A A, X oty 5 B W BR S IR AF AT A B o] "
= 4 —= 7 . ESURY VA 1 Mz D
i, A5 B Bk AR I g1 Rl (L) A2 b sl 11
(L,) B bt R 1224k, AniEl 6 s . P
Pl 6 mI AL, 7630 LA B 2 s AR B, Fe AR M 5 30 35 40 a5 50 55 60 65
I8 728 2 DX A3 118 R 1530 30 5 2 il R i 2 Bl 25 i w/(m-s™)
JETHE G R, T AR AR, HIMBE AR X 6 MERCIBA RIS | Al vt s 1 25
I A B e S A A 2 FUAE 1.4~1.5 Z ], Fig. 6 Variations of major axis and minor axis with impact
B R AR ER S b KA e 1.5, velocity in ellipsoidal shell depression area

2 HEEMSHT
21 WERFEREHSHRITEE

e Ao S 46 DIC FEAR AT LA B A ] o 32 JBE T A R 7 7 A [ Ik ) T A9 M1 42 Jmy A8 0, (B2 FR T
DIC 1~ XI5 LAz 5# X FCRE A9 S, oF T AR TR AR B 52 A%, Jeiditiad DIC J5vASE B AR | S Al i 54457

083301-5



5 45 4 TR, 4. WEEEMEERETE il AT VT B9 Sh AL T AR R %8

B I, 25 ORIV BUE AT Ty 16 5250 T oL A TR, o3 B4 L J il B B e 1] f) 25 £k, I3 2ok 4 T
DA 1 25825 T X B A Bk 7 A8 T 1 5

FIH ABAQUS #5256 T A B AL, AL INE] 7(a) B o M52 LR S5 18 2 &k 1 fisl 3
B3, WERERG R ST B AR B R o A S, A S e R ) a5 PH A Ak, 9 ) SR A A, ) ) T
TR SR B OE C3DSR, HERERRER TSR FH5E BT S4R, S4R BT RENSE F T8 5¢ 20 K b R BT Y
B, AORESEINEE 1 TR, #ERFEA B 5052A1, K ] Johnson-Cook (J-C) A MY, J-C AR 2
Bz 2 fow o Mo A R R T, B M REARE R, C AR AR AL R B, n ISR R, m h IR AL
o FHMPEN R 45 8, T TR AE s R R R AR AR Y, T SO A WA . B AR L4 B
JR PRSI, 25 2R AP 7(b) 7R o 2% BB 30 TH1 I TR 8 B D9 s ST A2 Ak, 4350l 2 s A% RS D 1, 2 i
4 mm fF O T H O ok a5 T 56 T Bl o o 3 1 A8 A, 45 SR B, AR DA% 1 R 2 mm B RESRIE TSRk
AR B, S S AR AR 8 O 42 JR) 2 mm A

45

Top view

40 +

351

30

w/mm

y

=

Side view 10 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65
vo/(m-s™")

(a) Simulation mesh (b) Grid convergence test

7 HRE R ERE 32 P HETE S A b B (A DA

Fig. 7 Numerical simulation model of shallow thin ellipsoidal shell subjected to cylindrical projectile impact
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Fig. 11 Variations of concave major semi-axis and minor semi-axis with R, with different impact velocities
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Table 3 Physical quantity parameters
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Table 4 Orthogonal experimental design and simulation results

TH d/mm R/mm R,/mm Ry/mm vo/(m's™) w/mm L,/mm L,/mm
1 50 200 200 200 30 15.14 47.1 471
2 50 240 240 240 35 19.31 64.8 64.8
3 50 280 280 280 40 22.72 70.7 70.7

50 320 320 320 45 26.87 82.7 82.7

5 60 200 240 280 45 24.85 54.0 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 55.0
10 70 240 320 280 30 15.56 50.3 63.2
11 70 280 200 240 45 25.39 76.0 58.0
12 70 320 240 200 40 23.30 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 90.0
15 80 280 240 320 30 15.19 51.5 45.8
16 80 320 200 280 35 18.28 66.2 46.5

AR IE A SR 45 2R, 45 200 M MTRE K

Extreme variance analysis of w

T b ) s e R B HE Y, B 22 A0 BT an &l 13 PR [ | Extreme variance analysis of L,

ME{I 13 Efu%ﬂj, XUL:J:'_'“L‘)M?;'E w, %%%{E’\]?ﬁ Extreme variance analysis of L,

WHE I i v, SR K O o

HIER T HALPIR; R, R, Ry (2R FEAR Y 30
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B, ZWETRIE d XF MR RS 0 5 X T x 5 1] M1 B 15
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XoT AR T AR A e JBE L K el K E S d )N, Fig. 13 Range analysis of the influence of various

JE IR AT RE AR BUOR T d R B0 [ 37 10 B B, parameters on deformation characteristics
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3.2 BHERFFF0PTIEE AN M E R E

2.3 5 HHE T A [R] 3R 2 A2 B A A RS X HR s TR L T R R Bl P 2 ), A Y Hp e S TR
[0 o K el g o AR, S A M AR TR ARAE SRR BN SE R

JEEE b [ 7€ 1.0 mm, d B4 50 mm, R HIEAZHFE, R\ R,. Ry 7E 200~400 mm 71 B Nl A,
vy 1 35~50 m/s TG N lEE, Hoib RL Ry, R, BEBUH 3 /K, vy 4 4 K, BT R, R, HHE B m, MIEAR
AR, MRS B A, ITRA R, R, T z 7 1) 32 Jr i i 8 ar 4 FH AR B0t ARARLA S R . I R, <R,
M4 T, BUERIZE R 5 PR,

®5 WMEEREMITETR

Table S Calculation conditions of response surface model

R,/mm R,/mm R,/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 77.0
200 400 200 35 19.15 57.4 99.4
300 300 200 35 20.37 85.0 85.0
300 400 200 35 20.64 87.0 113.0
200 200 200 40 21.90 583 58.3
200 300 200 40 22.37 60.6 84.0
200 400 200 40 22.57 63.5 107.0
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 63.0 63.0
200 300 200 45 25.87 65.4 90.6
200 400 200 45 25.91 68.0 115.6
300 300 200 45 27.90 99.6 99.6
300 400 200 45 28.82 102.5 132.9
200 200 200 50 29.05 68.2 68.2
200 300 200 50 29.38 70.0 97.1
200 400 200 50 29.26 72.0 122.5
300 300 200 50 31.63 106.0 106.0
300 400 200 50 32.98 109.6 141.8
200 200 300 35 17.67 425 425
200 300 300 35 18.00 44.4 60.0
200 400 300 35 18.08 45.6 76.4
300 300 300 35 19.43 66.9 66.9
300 400 300 35 19.89 67.5 86.4
400 400 300 35 20.98 94.4 94.4
200 200 300 40 20.96 46.7 46.7
200 300 300 40 21.29 48.5 66.3
200 400 300 40 21.26 50.0 83.6
300 300 300 40 23.10 73.6 73.6
300 400 300 40 23.53 76.0 97.7
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Table 5 (Continued)

R /mm R,/mm Ry/mm vo/(m's™) w/mm L,/mm L,/mm
400 400 300 40 24.77 102.8 102.8
200 200 300 45 24.38 51.0 51.0
200 300 300 45 24.64 52.83 72.2
200 400 300 45 24.51 54.0 89.4
300 300 300 45 26.70 79.5 79.5
300 400 300 45 27.19 81.8 104.6
400 400 300 45 28.56 110.8 110.8
200 200 300 50 27.83 54.7 54.7
200 300 300 50 28.15 56.8 78.0
200 400 300 50 27.80 57.3 97.1
300 300 300 50 30.42 853 85.3
300 400 300 50 30.86 87.6 111.2
400 400 300 50 32.63 118.6 118.6
200 200 400 35 17.11 36.3 36.3
200 300 400 35 17.36 37.5 50.7
200 400 400 35 17.14 38.5 62.8
200 200 400 40 20.37 40.1 40.1
200 300 400 40 20.60 41.7 56.5
200 400 400 40 20.31 423 70.0
200 200 400 45 23.63 435 43.5
200 300 400 45 23.92 45.0 61.3
200 400 400 45 23.51 45.7 76.2
200 200 400 50 27.04 46.8 46.8
200 300 400 50 27.37 48.8 66.4
200 400 400 50 26.81 48.8 81.9
300 300 400 35 18.70 56.7 56.7
300 400 400 35 19.14 58.8 74.6
300 300 400 40 22.22 62.5 62.5
300 400 400 40 22.72 64.8 81.9
300 300 400 45 25.87 68.2 68.2
300 400 400 45 26.30 70.2 88.8
300 300 400 50 29.52 73.7 73.7
300 400 400 50 29.84 75.3 94.6

2.3 5 IR TT T AN [R5 1] iy AP AR 0T MR T R A A S L, (MR AR AR ] DL R A
=W I3 A . R oA A i, EL MR 4 T il 0t R AR il 2 — WAl . R A 5K, 2 i T
G E T 2L, XA B AR BEAT e L T U, SR AR

w R\’ R\’ R\’ mo? \ R, R R, R

= =-495 -5<—‘) —4.95 -5<—2> +2.19 -5<—3) -921 6(—‘)) +9.5¢5 22 1 1e7 1 22 £ 8.58e 0%
h ©\ “\ ©\ © \ymw T T ¢
Rl msV(z) _s5 R2 R3 _6 Rz msvg —6R3 msvg Rl R2 R3 msvg

-t —1.1e7 2203 1 8.58e 02 -8 = +0.01=L +0.01=2 -0.012-2 +0.034-22+3.99 (13
Ry S hh AR TE AR TE h h h Yio (13)
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Rl mvé _ Rz R; Rzmv2 R3mV2 Rl R2 R3 sz
BV _goesf2 88 0642 % 0188 g 1750 L0072 —0.1422 417570 _ 166 (14
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N 4(—) 76522 ) gaet (2] Cras( M0 4ot BT _goes TS g gy S Y
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R, R Ry, my2 Ry my2 R R R 22
534258 04420 091 Y L 0738 101772 Z 01522 £ 1590 _ 109 (15)

h h h YR h Yh? h h h Yh?
X BT A S 8 o SO TR R A T UR 2R A, A 22 E LR E R R AU PRI R IR ZE Gp i AR
RUEIFARZE Sppae FIEITTHRIRE Spys 55 4 AFEARF XS H AR & BOSE B BEATRS B0 BEDPA, Fobh R, Sane

H s 72 XT AR Y Y 42 SR 1R 22 ATV, Spaiar AT 6 MNEERRE

RERY () Jag FORG B HEATVEAR . R BRIEIE 1, AR Table 6 Response surface model error

A LS s Opane Ormar F Opngs /DN, B Y 1222 A R o O s
/N, B ML EEH 20 20 e XA R AT R 2 A I 0.995 0.015 0.032 0.019
Br, 25N 6 fin . ATLLE Y, Brd s e T L/ 0.996 0.012 0.036 0.017
WHERTE wih ., Li/h. Ly/h B9 i o7 T A RURE Aff P4 Ly/h 0.996 0.018 0.050 0.025
Rt

SRy G 6 T A ST 1) B e TR ) RS O, A RO, ST h=2.0 mm FT 7=0.5 mm A E{E AT, AL
Wit 3 A% T 00, 1if 2 581 KR 5052A1, JEEBE 433124 0.5 F1 2.0 mm, 55 3 A 5E (AR LR 45 901, J52
9 0.5 mm. A5 A 0 vk B N AR AL, A 5052A1 4 IR 58 JE S 121 MPa, 45 4 4 i IR 95 )3 A
507 MPa. 3 7 1, wy. Ly 1 L AEUERHUAT B AL REE, w,. Ly, AT Ly, S0 57 [ 5000 AR TR AIE . 45
FW], X 5052A1 MORMIER ST, e b HSE ) 085 BB BT B AR X R 22 80/, 7T LA RN Y
RSH SO0 G, REAS X6 A BR 50 Sy 35 o o 11 B 28 R AE 2R AT T 5 XoF 1 45 4ROb RH Bk 52, g 17 A58 0 L 4%
— S (A U 8 7, X O T TR 0% N 15 25 5 A, X T A i A 1 N 5 25 R X A /DN U B AR AR X A
[ B e f A R e o o g 107 L — S (R T B 7 o 1R 22 K I D DR T R A, BT AR mh e T 18 B R AR A
BT SRy J-C AKE, B S B B3 10 7 P ANAS 5 et I 5 B P 5, 3 5 7 A8 R o7 A5 8 g AH O o
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Table 7 Comparison of simulated deformation characteristics with response surface predicted deformation features

AL h/mm R/mm R,/mm Ry/mm vy/(m-s™) w/mm w,/mm L,/mm L,/mm L,/mm L,/mm
5052A1 0.5 200 160 180 15 12.5 12.5 46.5 45.5 37.7 38.1
5052A1 2.0 450 500 480 80 27.1 29.2 90.8 96.8 97.2 104.9
45 steel 0.5 150 100 200 30 7.5 10.8 24.0 28.7 17.8 219

JI g N7 P ) o7 T A TR R X — o Y Bl P R P AL, X v, A6 T 35~50 /s HL R, R, Fil Ry 4bF 200~
400 mm Y3 B P9 00 T 00 5L A B4 A0 00RS B, (HANHE L3R T35 3 Bl P BORE T R B )3z AR e bk, Xt
ST B W O TR R A T8 VI R o X F i R v, BROREAR R, Ry Ry AT — 2 YU IR 4 J IE o

PLSEBRE IR 45 10% 15 Ry i 22 SRR, AN [ ek 1 K ity 5820 42 N 93 Y FEUAS ], fR 151 14(a) AT LA
133, ARG E L phify WERERGBRSERT, x. y Il 3R A2 Ry Ry BERMIEBL T, TOE 5 B S {H 1R 25 11
K, A R 25 B, SRR, 2 R, B2, R, R, BUR K ABI, M ER AR EGH 4330 2630 T4, 24 oy
AR, AN 5 I BB AR T e DX, 0 G i o e s A8 T 2 R A DR 1% [l 3L e v I B K
R /DN, T A S o) 7 T A 7R 5 T A I 2R 1) o R B i e AR Y R34 Ah T R 2R SRR AR TR IX 4
0, BT LA S0 A1 5w ok ST A A 9 00 T S A o X LR T 14(a) AT (b) BT & BR, Hofh SR AR AR, AR
Ry B, U0 ASE 5 (4 0000 0 L 0K, DR 2, 19K Ry AR AN ok 52 IR 43 5T, AE W] — s B T T 5
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Fig. 14 Predictive model’s applicable range for concave depth under different impact velocities and curvature radii
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Fig. 15 Applicable ranges of the predictive model’s concave boundary under different impact velocities and curvature radii
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Fig. 16 Comparison of global deformation obtained by the sponse surface model with simulated one
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