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Tensile-compressive Modes.and Vibration Characteristics of
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Abstract: Projectile’s structural vibration during high-speed penetration of hard targets is an important factor causing mixed
overload signals and charge’s. lecaliz€d-deformation magnification issues, which restricts the destructive capability of
projectiles. To accurately Characterize“the elastic vibration characteristics of the penetrating projectile, a refined theoretical
modal modeling method fot, the projectile was derived based on the theories of variable cross-section rods. Furthermore, two
30-kg class projectiles with the*same mass and outline but different internal cavity structures were manufactured, together
with an even hollow [Cylindrical tube with the same mass and outer diameter as the two projectiles. Using these three
structures as examples, theoretical, experimental, and simulation modal analysis were conducted to explore the modal
features of the projectile from the perspectives of characteristic frequencies and their corresponding low-order tensile-
compressive modes. The structural similarities and differences between projectile and even bar were compared, and the
influence of charges on projectile modes was explored. Eventually, the vibration characteristics of the projectile penetrating
semi-infinite and multi-layer concrete targets were deduced with the introduction of projectile’s modal characteristics
conducted before. Research has shown that the Mindlin-Herrmann rod models have derived similar modal characteristic

compared with simulation and experimental results, while the even bar model shows larger discrepancies. In weak load
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environments, the charge increases the structural damping, and the higher the modal order of the projectile, the weaker the
coupling relationship between the projectile and the charge. However, the applicability of this conclusion in harsh load
environments still needs to be explored. The low-order tensile-compressive modes dominate the vibration characteristics of
the penetrating projectile, and the deformation and overload distribution are mostly affected by the first-order tensile-
compressive mode, while the high-order modes supplement the vibration of the projectile. Benefiting from the variable cross-
section effect, projectiles with short and concentrated inner cavities have better anti-vibration characteristics during ideal
penetration. Projectile’s vibration characteristics obtained through modal analysis provides more reliable guidance for the
design of the projectile-fuse-charge system.

Keywords: hard target penetration; projectile structural response; modal analysis; vibration characteristics; damping

RAVEAREST e N [ B A AR s T EEAR . Tk, R ML iR,
YRS T AR IR R A S, ST AN 5145 1 345 5 TR Ak T e 2 v AR A IR S A 85 155
T RAPERATTIRE, HA P EORA I SRR 2 R I, X EARMRANT AR T RS R PERT T
AEEZ L.

PR BAR TAHRIT TR, IMEEIRSEBIE Y, RATFAIRG) U AR S E R A MRS I T
PR BAE 5 PSR, R RBUE SIRE R PR S EAE 5 AR R B0 B T AT
T, FERRHE R AR RO SE R A, X s AR REAT A O FR S A, o 1L S
T FAAIREN B> P — B A AR ) 2 R o\ S R I S S AT A BN R A ARIE IR
Beidk, HAZ ORI RE AR — B i IS AR S IR RIS R AP0 S R e AR, T JE R AR IR EN (5 5
DU SRR 3 590 ek, WAE AR A SRS el o 1 345 5 26T s T A A%
N R REAE G A TR S R A T e 2 (L, AR I S TOVR P S AR AT B R W 1 SRR, T
H T A2 I A e o A I R R A T S RUBSEANES 1 B Rl A R AR, R LA ) AR
SGMIIRENAE S MR T 35 S R . ARSI ERHR I St R R g 8 B2, M A
BORTTEAME TR A5 5 . Yan 0S5 18 L 46 Lh N AR 345 5 9484, i A IF i
R B FAAAR SHIIRENAE 5 LD T 48 LT IR DR L ) — . S FOBT ISR Yu SEUSIR A RE
TR AR IR BN I B T IR AT B e 1 SRR A 2 2 BRI Rl R B S H PSR IR R
DRI, I A5 5 A TR A A B IR SR A 5 M IR BN RSV (I E R IR T SR RS 7 Ao R wE 7T
R o

FE A 245 2 S8 MR SR BIAEERGN LSRN 2 2 R 70 e e A7 50 I 24 52 B 33 Ak S5 A4 FR 230 14
Fom, o JE AR IR R S, R SRR AR TE R G KT R SESIRHR A 2 JEAR
PR R 2 A AR RN R AN T AT L, RIS R BB L3 245 1) 52 i 22 Sk, Bt i Rah
Wk, AR T BEESE. Bk, AZ WU RE TSR N AN g P a5 r, 8L R IR I e
AR I0-22Y. /W A AR TR T AR G SR i S O LB 7E o JA) R S 2310 T 50 | ph B 2 B IR Bl A
MR 7R RIBRS R N T SROT I, RS T U A . Liang SRR AT 1 A6 D B Al -]
BRAfH, B NS AR 7 A S8 TERE 25 I SR N o B IE TR U 25 454 FAT AR 2 R AR
At HAERMRIE IR EAT TP AR A A IO, WAL E . Liang 45 )5 82814 17 31
AIRBN S IREE I 12510 R AT BRI R RS, FRAEAR WIS it — DI IERe, I3 52T
ARSIt 1 2 ph i I T 5 A 2 AR 2 MO RN Y SR IR MBS U5, R I N 5 2
2[R 2 5 R AR T ORI LR R o BRI, A Sl e HR B R 1 2k 24 22 M (R DA 1Y
FEERN, TSR 24 A A O 2R DL RS R R AR W T R B

ASORG AR _EIRWEIC PO SR SRR BN B 5k, IR BT IESEE e . I BRI
I8 — 1k 7E LIRSS AT AT AR A Ak -, AR SRS P A 48 A 2 SE BN SE A 25 IR Bl R 1)



wmoE 5 W &
Explosion and Shock Waves

SREHER IR . 2D, ASCREE I IR AT FUBES 7T PR TT A I G5 LU R 0] SR IR SRS P A 2
Mo fRJe, ASCRHEFRIFARIIRAIA . N AR B ARrE, Wi y5 5] RS2 451 1K)
Bt RMIES%.

2 RS IR

IR, SRR SRS RRARAIE /g, FeghMgmig B A LA 5o, W ARSI AR . PRSI
TR R ST O ST, JF LT SRR PR D], AT KO L, SEMRLERE N p, W
AR E, W n =S [ERBY BR L o, FURFAESIR £, 09

(pn(x):cos(nn%),fn:%\/E,n:l,Z,.... (D
P

SRR AN R P Jes S AEAE AR AT 2548, A1 b A A T A A Y IR o A 285 ) (B F H AL o AR 4B T A
R G5 22 AR FT . Love #F. Rayleigh-Bishop #F+ Mindlin-Herroiann Rk, 52 155 25 4 7Y
2, BAEME KT LR AR O T30, ACHIT 7 30 45 I w6 (1) £ AR 28 T R AN
Mindlin-Herrmann A8 (MH AR HETHIRER .. LA ENS b, BTV 208, FF
DGR AL B we FESIEAR T, K% A
u 0 ou
A———| EA=4\|Fp=0, 2)
S ﬁx( ax) P
Forb 4 BT, p 2 INETERT b Il ) 26 24 .
Mindlin-Herrmann #1218 AR BEAT FAT BRI AL 71 RLAS w ZRRAFRE), H H5HmALR u %
HAHEXR. ¥ IifEn:

u 0 ou 0
498 90 )4 | - L 204y )=
Py ax{(” ) ax} ox A )= o
Oy 0 81//] du ’
JEEAY Oy A A A Y L
Pl W) Ay ax(” ox ox 4

Horb 2, w9 Lamé W8 g AT IR 28R, R & IZBEII 1 B4R
55 SR AT A TR AT, R T AR A % 1) O 2 AN o B 737 s AR AT 08, AR AR Y (R A 2 A
PR R T EEH A R IRl . % M, K, P23l s S5 M B ST R R L 9 R A R A [
YU A gk T A 1) PR T 0 80 0 22 5 RN -
Mi+Ku-P=0. 4
X (2 AT UG A FRICHITTIE B, FFRAESRAT X ML 4544 B K M AR
K, IR AR (5) K n B aBRM & o, MFFEHE f,:

|K-(21,) Mg, =0. (5)

DA 28 7 S AT AT R S PR A T AR A A PSR AR 50 o SRR B Rtk i, T ik
DRI FAR RSN o H TR AT (I 25 0 A e DA BT IS, AR 5 285 o0 o2 ) SRk 5 A5 P —
PABRTTTNE, RS R AR (4) FATd0E . W T RITA AR, Ay ffr
Wl 5w SR 2 AR TY pR AL @, AR ARAR ¢, AL ST



wmoE 5 W &
Explosion and Shock Waves

N
u(®)=>.9,4,@), 6
n=1
Hor NONEBITEL T g, BAIRIE) )15 07 e
. . P(?)-o
§,(0+2&,(2nf,)d, ) +(2nf, ) q,() = ——— <)
() (2.) (pA)-o;

Hr & 9 n e R pA NAPRHIE b AR la & . AT EAFIRAL A L, K (7D iR
Uﬂ*ﬂ::

(PA)-@> =my,n=12,.... (8)
B (7. (8), fEAFEIBIERS, ¢,()7] B H Duhamel 275 K fifR21:

g, () =——2 ' P(r)e sin[2nf,ﬂ/1—§f (z—r)Jdr, (9
mO 271;f,, \/ 1 - é:n

Hitw, =o\1-& . R (9 £, MBI, gm0 T4 1 & PRy E5UL

grs AT n BrRESR £, 32500, WG 5 IR R, IRAARAR ¢.(0) IR (E K
Ry AT EIE n BrRAESCR £, e, WIRZEAR bR ¢, () BN o DAL, s i 152 53 A (1
FRBEAE TR BT T A AFAE AT TN L F 4R 5

B IEPRAZAY 2 JE R T BRI BN YRR Ry v CRBRIREERE), SEEREAN h,
kS €y 2= RGEEVSE

0,0< rem(t,ﬁj < H—h

14 \%

- H)Y H’
FO,H hérem(z‘,—j<—
v v v

F(t)= (10

HH rem(t, HV)R I 8] A0 HAFIRE . X3 (100 4T Fourier 84, -

27th &1 . h nv
F(f)=FO[75(f)—n;m;sm(hnﬁ)é(f—ﬁﬂ, (D
Hodr n/H /), 7 6(f)2N Dirac BREL. G EEAT EM fip = viH, HESEREENELL 1/n Tk K
T EAfip HAEARSC D) TR AR — AR [ MR,

S 2V (12)

f,  Hc’
Horh o NFARM BN JoE . S F BT, /H/ANTF 1, vie /N 172, W EREEEINTF 1. A
U, SRR R, B AT N T AR — IR . XA BSOS, X
S 2 M L R SRR K s MR B S 1EAT 20 BT A2 A 7 LA 1) Bk 285 i 2 AR A
X FARAY S AL AN =T PR AR A T, Heamr VE F e 8] b 22 2 5EARA T K . R Wi TP R o
S, DRI AT AR LL 22 SR AR A T B AR AT B AR AR, R R RE ROT .
AR R b Oy R 3 8, b X (9) AERSL, T 75 S SRR RS AL AT R,



oK 5
Explosion and Shock Waves
(9 BO RN, BARLRBREONES, WSHEBRECIITT. SR, Chen SFBYIHT
TR, EEERRARK, HIBPEX AR (BB, T ZE X B AR AR AT A rh A SR B0 R S A A
AN RRARENEATE A . Bk, TR RRMTON, #ARs R RSE S E T 5
B HAR R RS BEAT VR 8T, JF S A TR 4.

3 RASTITSERE
3.1 BB 5IBPEE

R TSR AAT AL R AEARAY) T 00 T 1038 FH P DA B P i 5 R 0] s AR B S R iR B s, etk 1
MR AR LR Crlan %o TRNID DA TAHESS MM B S8R ki, i — D las . 1
PRS- B R DO R ZN S, AT LB . PR S BAH 50, Somdi St 235
33.27 kg, G MTAELIN 3591 kgo TENISABMHFRIBOLT, PP L4PR [ : 3k 1K
fEdm . BEJERJE, Mgk A RO HAE A, BEJERGE . SRR BB 1R, LTREE Gk
1 FiRe Ak, AT EP=A S E S, #ACKE A 7.5 mm BEAALFE SRy 590.63 mm.
AME118.13 mm. NAE 69.25 mm FI 7SO [FFE (T, i &5 3R T A AH [l

E{ “%?>L\ jg E{I D k%\f>é
= | 3 WA —NF—— g
= 591 mm . ! = =N 591 mm — T
(a) Projectile I (b) Projectile 11
(SRR Ap)
Fig.1 Prototypes of£heprojectiles
= SEATLIAIHIE
Table 1 Geometric characteristics of the projectiles
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Table 2  Physical characteristics of the penetrating projectiles
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Table3 ” Geometric characteristics of the projectiles
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Fig.7 Calibrator’s first three tensile-compressive modes obtained from simulation
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1 4383 4846 4838 4808 4930 4924
I 2 8765 9980 9905 9712 9827 9864
3 13148 14737 14501 13903 14042 13996
1 4383 4827 4818 4752 4751 4779
II 2 8765 10248 10166 9963 10127 10181
3 13148 14245 14041 13379 13522 13540
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Fig.10 Deviation of theories and simulation from experiment on characteristic frequencies (hollow structure)
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Table 5 Projectiles*first three tensile-compressive characteristic frequencies with various methods (loaded structure)
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Fig.16 Deviation of theories and simulation from experiment on characteristic frequencies (charge-loaded structure)

K 16 R0, AR AT LR R B B ORIR 72, T A A A8 T AT AL AL AN 285 SRAH T
HARZE B MH ATBEIE,  SIREAE KW Z e 4% LA o {7 FORAS RSB H 2 R . (A
B, BB E M rh B 2 AN R S e R I [ e, MUSRPR R RN . Xt
FeR- SRR R I AER Al T2 P BUEE 5 R E R R s JhAh, B 17 R X
IR, 2 SBURFMEAREEG; 3T =B, ARSI R 2RI RAR R
EW%%S%E%%

BARIRIUA A RS IR S5 B 11 2RM8L, A o R 5 P AT = B B A i IR A DA K
PSR AE AR AL B R A 7RO, BRI M 17, B 18 Fir.

15t Mode 20d Mode 31 Mode

02 04 0.6 08
B -_I_I_I_I_J_I
Fel L7J5 EUTR SRR I B MESRE e, LD
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Fig.21 Axial and radial strain at typical moments after projectile I penetrates the targets at an initial velocity of 800 m/s
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