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Abstract: Accurate, prediction of penetration depth for earth-penetrating projectiles in geomaterials is essential for
protective-enginceting-destgn. Widely used empirical formulas, including Young’s formula and the modified Berezan formula,
apply to rock, cofictéfe and soil. However, their practical use is limited by narrow valid ranges for projectile mass, caliber and
impact velocity. Traditional solid-penetration theoretical models offer clear physical explanations for penetration behavior, but
their engineering application is constrained by idealized assumptions and boundary effects from finite-size targets. To address

these limitations, a unified prediction formula for penetration depth in rock, concrete and soil was developed based on the

internal-friction pseudo-fluid penetration theory. Variations in penetration resistance from the pseudo-fluid penetration model

WA HE: 2026-07-07 ; EEH#: 2026-10-29 ;

HEEWE: EXARBFESTE (52509159), HFESHIATRITE (2024YFF0508204);

F—EH&: THE (1966— ), F, W+, #I, PETELER L. E-mail: wmyrf@163.com;

BASEF: BRI (1995— ), B, 1+, BIZUZ. E-mail: martinxu4l@qq.com; FEAMS (1987— O, 2, W54,
=2k T#2), zhangxiaohan@suadi.com.cn




S (L U
Explosion and Shock Waves

were analyzed in detail. Considering calculation safety and practical engineering requirements, a simplified analytical solution
for penetration depth was derived. Key dimensionless parameters including the jet coefficient, generalized Mach number and
internal-friction correction coefficient were examined to characterize the influences of impact velocity, projectile geometry and
dynamic target properties on penetration resistance. Coefficient f, which describes projectile-target coupling effects, was fitted
by the least-squares method over the Mach-number range relevant to practical engineering and subsequently converted to
coefficient 4. The conversion coefficient a relating the characteristic velocity c¢x to the target longitudinal-wave velocity ¢, was
determined from the dynamic failure behaviour of geomaterials subjected to intense dynamic loading, and recommended a values
for different media were summarized. Furthermore, an equivalent calculation scheme coupling wave impedance and coefficient
o was formulated for penetration prediction in multi-layered targets. Calculation outputs of the unified formula were validated
against full-scale test data and compared with predictions from the modified Berezan formula and Youifig’s formula. For concrete,
the unified formula yields more conservative penetration-depth estimates, while the two empjrical/forulas produce unsafe
predictions. For rock, the unified formula and modified Berezan formula provide higher safety margins than Young’s formula,
which underestimates penetration depth. For soil, predictions from the unified formula fallbetween results of the two empirical
formulas. Serving as an upper-bound solution for penetration-depth assessment, this férpaula quantifies safety margins and
feasible application ranges of existing empirical formulas and offers technical referencey for anti-penetration design and
specification revisions.
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Table 1 Patameéters of surrounding rocks of different grades

AR % (MPa) 5 (kg/m3) PNIBPBIR (m/s)
I L FIE >60 >2700 >5000

1T 2 A 60~30 2700~2650 5000~3700
LR A 30~20 2650~2450 3700~3000

N2k 20~10 2450~2250 3000~2000
V JolH 5 - <2250 <2000

x2 TRMERBEEHFSH

Table 2 Parameters of rocks with different compressive strengths

/. (MPa) 2 (kg/m3) INPBEBCH (m/s)
100~80 2750~2700 5500~5000
80~60 2700~2650 5000~4500
60~45 2650~2600 4500~4000
45~30 2600~2550 4000~3500
30~15 2550~2500 3500~2500

<15 <2500 <2500
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Table 3 Parameters of concretes with different grades

br5 f. (MPa) R (kg/md) PP (m/s)
C80 50.2 2500~2440 4800~4400
C70 44.5 2480~2430 4750~4300
C60 38.5 2450~2420 4700~4200
C50 32.4 2430~2410 4600~4000
C40 26.8 2420~2400 4400~3800
C30 20.1 2400~2380 4000~3400

%= 4 WERR LTS UHPC &3

Table 4 Parameters of reinforced concrete and UHRC

I BRA 25 (kg/m3) I IEPE (m/s)
C30 W TR &1 2509~2435 4038~3425
C40 M7 TR %t 1 2529~2455 4430~3821
C50 W TR &t 1+ 2538~2464 4626~4019
UHPC (C40/C50 F:A4%) 2538~2455 4626~3821

* 5 TEXEASH
Table 5 Parameter§ of diffefent soil types

L IES S {A R (kg/m®) PABPHE (m/s)
BT RS E K A 2~4 2200~2600 2200~3500
RFHER /T R+ 4~6 1800~2200 2000~2200
T~ PR B S5 1) 6~9 1550~1750 1500~2000
HAE 8~10 1600~1900 1200~2200
RN S Sh S 5~10 1700~2000 1800~2500
MV E I 10~20 1400~ 1600 800~1500
R AP S 20~30 1200~1500 500~1000
= 6 FRNRMER
Table 6 Parameters of special medium
et 2 FE (kg/m3) YN I3 (m/s)
e 1200 1830~1450 3325~2720
K 917 4000~3800
5 Ji 21 2008 600
1440~1400 (-1°C)
Rt (F7KEZ) 23%) 2100~2080 2370~2310 (-10°C)

2580~2540 (-20°C)
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Table 7 Recommended values of « for different media
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Table 8 Projectile and target parameters for full-scale penetration test

ik AR picp/(107 kg'm?2-s7)
JR A 5000 % 1.35
C20 HiBEE - 5000 f5% 0.84
- 5000 1%
C40 vt N 1.08
1000 %

R REXQDUFHESRIEZ 9, Hh 255 3 50 WE 2 TJEEN 11.5 m M 8 m i)
HOAR, RIRHESE SR8 180 m/s 55160 m/s, FRTTFFEAR R\ AR RIS XT L 465 A B 2 LE oy i 5 4s
FARIR AR ZE . R THAZ LRSI A S Young A HRAR, i 505 70 A4 H ki
WG SEZ 60 MPa 5 80 MPa t+58. M HLARTTMAE Y, /48— Filfh A U 2 i 1l g R,
EIERFNEE A X S A THR RS B, R EEL RW A m A, Young 2 0 6 A AR BE 1 35 (i G 1 -

®9 ERAKARSIHEERIEL

Table 9 Comparison between full>§cale test results and calculated results

) I/ Gi— A
R M sk R E/m BEMNFIHAR/M  Young A3tm
(m/s) H/m
N N 8.95(60 MPa)(21%)  6.15(60 MPa)(-17%)
1 B 5000 %E 443 7.4 8.84(19%)
7.61(80 MPa)(3%)  5.42(80 MPa)(-27%)
C20 & N
2 o 5000 f7, » 428 11.5(58 %) 13.72 9.69 7.53
Vet
3 C404W 500045, 416 8(H %) 10.34 7.06 5.39
4 WvREE 500085 1 490 9.34 12.18(30%) 8.32(-11%) 6.43(-31%)
5 + 10008 550 7.56 10.54(39%) 5.85(-23%) 5.43(-28%)

2.2 BEFRIMR B LL AR 54
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Fig.5 Variation of a; and a, with // d under different projectile diameters
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Fig.6 Calculation results of GBU-28 penetrating rock
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(a) f,=100 MPa (b) f.=60 MPa
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Fig.8 Calculation results of MMTD penetrating rock
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Fig.9 Calculation results of GBU-28 penetrating concrete
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Fig.10 Calculation results of GBU-57 penetrating concrete
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Fig.11 Calculation results of MMTD penetrating concrete
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Fig.12 Calculation results of GBU-28 penetrating soil



S (L U
Explosion and Shock Waves

120 . . . — 300 . . .
Unified calculation formula s Unified calculation formula
wk =~ Berezan formula “ o Berezan formula
< - < Young's formula - - - Young's formula
E % 1 Eo E
= =
o j=N
Q 3
=] =
= 60 B = 150 -
.2 - 2
E E
51 k51
g 40 4 g 100 E
- o
20 F . g S0F . .
0 1 1 1 0 1 1 1
200 400 600 800 1000 200 400 600 800 1000
Penetration velocity (m/s) Penetration ¥elocity, (h/s)
(a) Dense, dry, cemented sand (b) Soil fill material
& 13 GBU-57 R LIt B4R
Fig.13 Calculation results of GBU-57 penetrating’soil
40 T T T 80 T T T T
Unified calculation formula Unified, caletlation formula
35 - — — Berezan formula 70 - — Y=_Berezan formula
- - - Young's formula - € ¢+ Young's formula
30 | g 60 E
g EN
S25F 4 /=50
& ZAL
] <
= 20 =40
2 2
s s AT
g5 B 30
5 5 |
o -4
10 20
5 10
0 L L L 0 1 I I
200 400 600 800 1000 200 400 600 800 1000
Penetration velocity (m/s) Penetration velocity (m/s)
(a) Dense, dfy, eemented sand (b) Soil fill material
& 14 MMTD R ELER
Fig.14 Calculation results of MMTD penetrating soil
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