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Tensile-compressive modes and vibration characteristics of
penetrating projectile
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(1. Department of Engineering Physics, Tsinghua University, Beijing 100084, China,
2. Northwest Institute of Nuclear Technology, Xi’an 710024, Shaanxi, China)

Abstract: Projectile’s structural vibration during high-speed penetration of hard targets is an important factor causing mixed
overload signals and charge’s localized-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 for the projectile was derived based on the theories of variable cross-section rods. Furthermore, two
30-kg mass projectiles with the same mass and outline but different internal cavity structures were manufactured, together with
an even hollow cylindrical bar with the same mass and outer diameter. Using these three structures as examples, theory test and
simulation mode analyses 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 measured separately. Research has shown that the Mindlin-Herrmann rod
models have derived similar modal characteristic compared with simulation and test results, while the even bar model shows

larger discrepancies. In weak load environments, the charge increases the structural damping, and the higher the modal order of

« Wk H#R: 2025-07-24; &= H#A: 2026-04-01
EeWH: RAWTRBRTSEEN S0 H (KISP2023020304)
HE—EE: M (1999— ), B, L0584, chenbh21 @mails.tsinghua.edu.cn
WEESE: TrE(1975— ), &, {4, PF%8 5, wangkehui@nint.ac.cn

093302-1


https://doi.org/10.11883/bzycj-2025-0235
https://doi.org/10.11883/bzycj-2025-0235
https://doi.org/10.11883/bzycj-2025-0235
https://doi.org/10.11883/bzycj-2025-0235
https://doi.org/10.11883/bzycj-2025-0235
mailto:chenbh21@mails.tsinghua.edu.cn
mailto:wangkehui@nint.ac.cn

5 46 4 BiAri, 5. ROISMARH RS SRR %9 1

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

(A SRR ST it T W HARFIE ST b 4% T B EAE ] JmARk, BEE RV B p i i, R AR
S5 A TRl H g 28 Y, LR (RN 5 | 450 305 TR A% TGRS HER AR DL SR MR Sh R & 22y
BARATT AP 25, X PEORARAY SRS R R, WFFEARTE ARV i e P A HR Sl e P BAT 28 S

TE SRS 25 5 AR SCHT T b, FMVEEAR AR D 45 1, (R SRR Bl LR A% R 1 He 25 R R sl A Al 17 i
AL BAE S P Ry, I S BUR SRR E . RN BEXd 305 5 1Y SRR 3 o T RIS, 1E
BHYE HE T rPofs SR A0 o 20 SEAORTRT, I X 5 A R AT 1008 A 0 BB ZS 0Ar, #a 7 1o 2 A A IR
o — B PRSI SARAY F R . EAT, X S T AT b B AR E DR s, A0 R
R B — I 7 A 25 A R A0 25 A g AP 308 B A L AR, AT 08 2% AR B0 4355 AR B i At )l 73 B
WA, dAF A T A SRS R 4R S0 2 805 5 AT Bt 0 9 TAR o AR T BE R A T S A S BEA
TR 2o AR, % S A5 000 1) P 25 AT AT SR 0 BT 1 s AR, I 4 i 1 sz a8 A e 2 I A9 2 4803
i o RN BAE T R R AR AR, R S 0 A S5 R IR B 1 A R T o 3R S Y
K TR FERHR 5 TR A S Y G, RS i O kM T AR 85 T . Yan S5
% 18U 46 b SR I 2SS A9 AR Ak, G0 i EA O 2 0 A SR S A AR B A5 S S T AR LU KA
A — Bk . B F BT AEN R Y SN RN g A M T A SRR B A B S B R, TR
TR AR D) 22 J2 L R AR B A FARRRAE B TR A DRIk, X A S A A b PR EESR SR 454
PR FFE BRI, 10X SR RS T B AT T A OB

TERE LG LB MER ORI T, U A 22 U7 o aod a6 0 0 B A B 24 52 B AR 25 Hg 3iR 23 14 2
i, JFGrb S R B T B R R S RE AR, O S AR B AR 1 A TR o SRR AN MR 2 2 AR R
HLGHYPUIT e 1 a5 A5 ELUT S, S BEAS [R] A3 2 24 1 32 ) R 358 22 S 80k, HLA A h Ak sl i ¢, i AR
PR BT . NI, AR SR A T AR SR N R I G e A A, e B R N R 2 1 e A,
WAFAERT TR T RELG LM I A HLBEIE ST o J RS0 ST 0 9 o B A2 10 AR S UGt 1 28 A I 2 i 1
TR, IS TP 8 . B8 A2 N A PR 1T Ak B Al - 18] BR s AL, 8 it n S A= A BE. 1 1
SNEIIFIT 1A 2G B AE R DL, e B 25 45 M FA AR MR IR Sh etk , ELAE B AR R (L IR sh ey 1 7 A Jey B AR
R, WA R AL RE . Jrseilad (5 ARSNGB T 25 0 /i AR B R R ™), IR AR 1R W%
it — B RAIE TIZE5E . FRIRTEAERT MU AR Bt T 22 kb 48T 25 42055 24 AR ek R AN A9 52
S ARG 7 1, R B BT I O A 1 2 2 AT A T 5 R SRy AR AR TR RO A PR, AR
FEIIR Bl R P 2 245 2 T PP A ) S R A, T LR 25 24 F 122 O R DL BB S A R TS A S B

ARSOH AR _ERBTFE o A LS IR S R IT 5207 %, JF 6 B TIESEBEE | g Ay RS T A B0 4E
— ko AE LU A5 A AT AR 2 Y S L, S ) A AR AT 2R BERS v 3 1 3 59 AR A R IR s e, i —
AP A X6 ) S 3 BT R 5 P R 45 K LA e 24 08 SRR Sh 4 1k R S i, 5 I 4 AR M) 3R ) i 3l
ARG« BE ST RN B0 AR, A S | R G 25 S i B HE IS %

1 #\EESTHER
IE AR, SR S ik R B, He i B 23 2, TP RO LA A . DARERF T 3

093302-2



5 46 4 BiAri, 5. ROISMARH RS SRR %9 1

e SRATRT A0 0 55 ORI AT, JF BLHE S Hh BRI BT KO L, FERARV B B p, 1 [R5 H E,
W n(n=1, 2, ) B 23 [ R 2Y R AL o, FIFFIEAR £, R

n=12,- (1)

o | |

X n
©.(x) = cos (mtz) , = 2

SHLAAR T DN I B A7 A AR A T 5 4, DRI 0k, A T AR 2R ] R G b A S AR S A, AR R AT AR A A
52 AR AT AT . Love #T . Rayleigh-Bishop T, Mindlin-Herrmann ¥ DL & Z B FAR RIS, B2 L2 T
IR SRR SR N AR I 1 B L A Bl )Y K 56 1Y) 26 LA T AT FIT Mindlin-Herrmann FF45
R (MH AFRAY) o 7E 28 SR AT 30e b, ST 1A TE 4k 208, FFACE Sl 6288 A B BE wo FEFRPEAIY T,

HahJ12e i B H:
Pu 0 Ou
b A BT TR, p R INEAEAT b0k 22 fr .
Mindlin-Herrmann 33 W B A AT A8 1 A 438 1) AR o #52 XF R, I LS5 6 8 u A B
R FR . Ha e i n:
& u

0 ou 0
PAﬁ—a {(2#"'/1)14&} —a(zﬁAlﬁ)—P 5
ou A3)

pl‘;—tf +4(u+ ) Ay — % (;u%‘f:) +2042- =Rq
Kb AL w0 Lamé %L, g A INERAEFT b B9 I L 48007, R 2B T 1Y o5 P42
5 RRAT AR ARNR], H T A0 55 A fr) O B RS 5 4 A X LA ik BT 3 38, 72 AT AT AR AL A RS RN iR 3
FRPE TR SR I BRIC I oK i . B M. K\ PR G50 0 50 s R | )8 6 2 R 2y [, ) 728 A TED AT A
FRoTIE X mysh 1127 #E
Mii+Ku-P=0 )
K (2)~Q) THE AABRICHRITIE AL, L HEF A5 20T I (4 254 0T 0 B MR B2 56 B K JF
SRR T Y n Byas BRI [ i o, Fl n B RFAEAT £
[K-Q@nf,)’M]p,=0 (5)
Db 25 T S5 38T R L R A g AT R A RS R M SR R T ik . AR BBOILAR I B R M I, T —
AR it AR NGRS W 137 o F TR AV 2B AT 114 I 25 53 A M LA S AT 92 3K, 9 Ik 285 i o, 1) SR e 75 £ — 4
FROG ik, LI A5 R I AT B A 75 58 T2 (4) R 7 leath o 6 AT B A PR TR, HAT i A% 1] f w 34 7]
iR @, MARFIARER ¢,(6) B A TE .

u() =Y @.q.(1) (6)

Srfrs N TERL g, 16 RIS 2 I

2 P(1)- n
00+ 26,C0f) 8,0+ Qaf ) 0.0 = 0
SP1s £, 90 n BTIELIR FAL, pA R A5 . Sl 7 R LR 6 H i, 52 (7) o i 0 )1
s

™)

(pA)‘pZémO }1:1,2, (8)
5 (7))~ (8), TEANF EIAVERT, ¢, (¢) W] H 3% H1 Duhamel FR43 3R f# B2,
_ Pn e 28, f,1-7) g
g0 = i TIE fo P(t)e sin [2nf, \/T-E(t-1)] dr )

093302-3



5 46 4 BiAri, 5. ROISMARH RS SRR %9 1

Aob: RSN f, 1-£ . 3K (9) £, 7/NIETEILT, ¢,(0) BITREIRR T 2 1m) B P(7) (1) 340

JRGY A A B B f, 3, N e S AR B IR, g, (0 BOBRAEL R e =, A 38 19 EA , T

25, 00 g, () BOWRELRS/ AN o PRt I 280 17 23 BT 1) S B2 -0 5 AT 2 A 0T R AL A3 X 17 A IR AR
FIEMRRY 22 B SUILA o0, BRLRY R RE S H, (R A1 By v (2 B iR ) , SEAYJEEE N &,

D2 far T2 AT fR Ak
0 O<rem<t, E><H_h
F(1) = v v

B (10)
F, H—hérem (t, E) <E
v 1% 1%
A rem(s, Hv) Rom ¢ X Hiv B4080. %13 (10) #547 Fourier 284, 1] 15
21th = 1. h ny
F(f)=F, lHa(f)—n;n#)nsm (2mrH)5(f—H)1 (11)

it WH KNG, 6(f) 4 Dirac BRAL. 55 MEBRAT 451 £, = v/H, FLETMUR B SR K BL 1/m A0 8
W G I SRS (1) A B — BB AR, T
fir 2l
fi  Hc
o ¢ Ry FE MR L 7 I o TR T, H<1, vie<<1/2, W £/, <1. BHUL, SRl 2 2 5
I, 8 AU H /N T AR — B R IE AR o Xt s A I IR, X i AR I 2 7 )5 W A 5
X B S HEAT 23 A AL A8 715 LA (4 5 285 0 167 AR5
Xt T AR AV JEE B > TG B % T 00, LAy A IR 1) b 22 2 SR ) T 00 B | 0 i e {1 T At B 2
PR, 28y AR L 22 )2 B4R T 00 A 2y AR, BRI R AR 1T
ST AR R b 5y B AR SN, ik = (9) AN RAZ, T S I SR A AR S FIARR RS, WX (9)
o A% =, B RO B 2%, I 2B B BAEDY AT . SR, Chen S50 ARSI, 25 BB 1E 2
JEF A, LB A DA i I ), U o 8 A A0 i v F AR IR 3l B 52 A0, LA IR 8 ) A P o
AAE o PR, FE) 2 R T AT, S AR 3 i AR R s 5 Jm S0Ren] SR B (R Bi-4ik sh A 25
FrVEdn i, IF S s TR A

2 BEESWEEK

2.1 BEMBSEREERE

SRR 5 AR R T ATASE A R AR A T 000 T A 3 M LA R P o 45 Sk s AR ABE 285 R 8 ) S i, 18251 T 2
fap A4 Le A G pA T gk 1) DL TR HE TSR B S B R HE A, i — 2038 i | 5 BRI B
BONTRBCAR B R s, IR AT ELB M 2 PR R SNSRI ], AR BT i35k 33.27 kg, 2625 11
ST R 35.91 kg AE TR FRAH R RIS 0T, 38 M0 D IS 25 M AS ) B0k T 0 o s i 4G . R TR L,
T LA TG P fs o LA v, BE SRS, AR AN &) 1 R, JULATERAE A28 1 iR . Beah, o5 =k
PSS, ARSI A 7.5 mm HEWFES . BHEFN K 590.63 mm, #ME 118.13 mm, N %
69.25 mm [ 7SO [RI A ], JHL o a5 AR S8 1A AH 7]

| R [

| 591 mm

(12)

591 mm

(a) Projectile | (b) Projectile II

[ RN A
Fig. 1 Prototypes of the projectiles

093302-4



5 46 4 PRA, S5 ROIIMAR R S SRS %59 4

®1RKRJLAEHE

Table 1 Geometric characteristics of the projectiles

CLEEN HA%/mm K /mm BB /mm AP L N i B /mm kA2 L
1 118.13 590.63 27.79 3 442.95 3.78
I 118.13 590.63 23.63 3 342.38 1
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Table 2 Physical characteristics of the penetrating projectiles
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Fig.2 Configuration of test modal analysis
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Fig. 3 Calibrator and projectile before testing
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Fig. 4 Test status of the projectile under different installation conditions of the sensor
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Fig. 5 Mesh statuses of a calibrator and a projectile in simulation
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Fig. 6 Test results of the calibrator
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Table 3 The first three order tensile-compressive characteristic frequencies

of the calibrator obtained by different methods
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Fig. 7 The first three order tensile-compressive mode vibration characteristics of the calibrator obtained by simulation
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Fig. 8 Typical impulse-response signals of projectiles
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Fig. 9 FRF amplitude curves obtained from projectiles in test (charge-hollow)
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Table 4 The first three order tensile-compressive characteristic frequencies of the projectiles
obtained by different methods (charge-hollow)

FEEA A kHz
LS Y
AFRRITAT S 2RI AT B MHHE i g6 Cillia)) R ()
- 4.383 4.846 4.838 4.808 4.930 4.924
I = 8.765 9.980 9.905 9.712 9.827 9.864
= 13.148 14.737 14.501 13.903 14.042 13.996
- 4.383 4.827 4.818 4.752 4.751 4.779
] = 8.765 10.248 10.166 9.963 10.127 10.181
= 13.148 14.245 14.041 13.379 13.522 13.540
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Fig. 10 Deviation of characteristic frequencies obtained
from theory, simulation and test (charge-hollow)
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Fig. 11 Theoretical prediction of the first three order tensile-compressive mode vibration

characteristics of the projectile (charge-hollow)
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Fig. 12 Simulation prediction of the first three order tensile-compressive mode vibration

3rd mode

R

characteristics of the projectiles (cross-section, charge-hollow)

—— MH theory - Simulation ¢ Test

—— Ist mode
——2nd mode
—— 3rd mode

0.2 |

Radial displacement
S

—— Ist mode ;
—2nd mode
——3rdmode ¢

0.4

Axial location/m

Axial location/m

(¢) Projectile I, axial

)
0 0.2 0.4 0.6 0 0.2
Axial location/m
(a) Projectile I, axial (b) Projectile 1, radial
—— Istmode .
| —2nd mode
- 021 3rd mode
= i
15} i
=)
(9]
2
T 0
Z
=
S [N T
51
1st mod; = 4}
— Ist mode . i)
——2nd mode 0.2
. T 3rd mode . : .
0 0.2 0.4 0.6 0 0.2

0.4

Axial location/m

K13 B P BRI R A AT = B e B (A3 2y )

Fig. 13 The first three order tensile-compressive vibration characteristics of the projectiles

obtained from theory, simulation and test (charge-hollow)
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Fig. 14 FRF amplitude curves of projectiles obtained from test (charge-loaded)
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Fig. 15 Damping ratio of each order tensile-compressive mode of the projectiles obtained from test
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Table S The first three order tensile-compressive characteristic frequencies of the
projectiles with different methods (charge-loaded)

IS /KHz
[N [ EN TR
SEAIATHS Z W AT FS MH# S PiF R Cilie]) A5 (72 m))

- 4.383 4.744 4.736 4.635 4.725

I - 8.765 9.703 9.635 9.709 9.820 9.903
= 13.148 14.350 14.135 13.567 13.980 14.047
- 4.383 4.689 4.682 4.499 4.555

I f— 8.765 9.893 9.820 9.862 10.141 10.212
= 13.148 13.885 13.697 13.342 13.511 13.581
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Fig. 17 Simulation prediction of the first three order tensile-compressive mode vibration characteristics
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Fig. 18 Relationship between the different types of modal orders and frequencies in the simulation (diamond scatter stands

for first three order tensile-compressive modes)
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Fig. 19 The first three order tensile-compressive vibration characteristics of the projectile
obtained from theory, simulation and test (charge-loaded).
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