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An experimental study of anti-penetration performance of
concrete-filled steel tube with honeycomb structure

ZHAO Hongyuan, WU Haijun, DONG Heng, LYU Yingqing, HUANG Fenglei
(State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to study the anti-penetration performance of concrete-filled steel tube (CFST) with honeycomb structure,
six experiments on anti-penetration of the CFST with honeycomb structure were conducted by using a 125-mm smooth bore
gun. The failure pattern and penetration depth of the targets under different working conditions were measured, and the typical
failure modes of the CFST with honeycomb structure were analyzed. The differences of the failure pattern of the targets under
different target-to-projectile size ratios were compared, while the influences of the impact point and steel tube wall thickness
on the anti-penetration performance of the CFST with honeycomb structure were explored. Uniaxial compression tests on
seven groups of hexagonal concrete-filled steel tube columns with different wall thicknesses and three groups of hexagonal
concrete columns were carried out. The enhancement effects of the hexagonal steel tube on the strength and ductility of the
core concrete under different wall thicknesses were studied, and the relationship between the strength enhancement coefficient
of the core concrete and the hoop coefficient was obtained by data fitting. By refining the empirical formula for calculating the
penetration depth of ordinary concrete, the formula for calculating the maximum penetration depth of the CFST targets with
honeycomb structure was given. The results show that the wall thickness is an important factor that affects penetration depth,
that is, the greater the wall thickness, the smaller the penetration depth. The locations of impact points have a great influence on
the failure pattern of the target surface, but the influences of the locations of impact points on the penetration depth are complex.
The existence of the steel tube can effectively increase the strength and ductility of the core concrete. The refined penetration

depth formula can predict the maximum penetration depths of the projectiles to the CFST targets with honeycomb structure.

« WFSHEER: 2022-02-11; &1 HHEA: 2022-05-18
HEEWE: EKAARFAE4(11390362)
F—1EE: BEIL(1997— ), J, Wit 751385573@qq.com
BEEE: RBEZE(1975— ), B, M4, #, wuhj@bit.edu.cn

053101-1


http://dx.doi.org/10.11883/bzycj-2022-0050
mailto:751385573@qq.com
mailto:wuhj@bit.edu.cn

543 4 AL, S5 WS R EE L DURBITERE SRR 5

Keywords: anti-penetration performance; 125-mm smooth bore gun; concrete-filled steel tube with honeycomb structure;

effect of strength enhancement; penetration depth

Wit e AR ) Bl 7 20 i T, e R 24 0 S5 1l 0 RN T o kG B W A v, I B TR T ol ) g H 2
FEIRU SR FH R R B A R B A TR SR, W7 DA R R AR A TR A S R Ry B AR (N 4
TREE L S Re R EE 1 A A TR BE 0 ) T IR B B B, BEARSUARRIIIR B, DLRRIBE 3 1Y
Hi . MR EE 1 (concrete-filled steel tube, Concrete
CFST) J& 8945 AR Bt 1 41 W 1Y — o B 2544,
B FIRBE T ARG A P 38 0% S8 1 R
KRG, VREE 1 B IR IE 3K i Pl TR A% Sy SiE
PEREIR, AR T A PTR MR, MLk
T At v o A ORE, B TR BE L3S R SR
T T, AR RS A AR R S A
TREE 02 th 24 S fLS I A48 TR e L e I —
FE AR HEAR 415 M s iy B 9 25 4, aniEl 1 TR o
5 A S5 A () B TR BE A HL, e A TR e+
Hef B e ToO7 (8, BiE A TR o

HAl, X TFNEIREE PRI i . BEHAETS SR A 12.7 mm 28 R4 T T S AL IR X
FIREE LRI S0, HA A TN TR EE - RIS RINREE | w3k Io RS TR PR GE, 2N
EIREE T BA RAFMPLER R M2 K ATH e )] o 2RI E5E0 R 12.7 mm ZF W4T T L 20BN
EIREE LR E, R E T RN . BN STEMNE 3 DXTIRAL, 45 T 3 R as oy Sl
WL, XSG X G AL IR EE 1, A H B2 NG W EEH, B4 —E )RR, &
S SR 12,7 mm AR FRSEAT T8 B AN A TR EE AR SC S, BFSE T ERAL S MU R A TR e - i Bt
RMIgE 1 5. FARMNAE BT TREIREE LA G458, SR 15 mm F{AOG 14 00 A TR 5 1 N9 TR
e IEAT TR S, 2% IF 06 63 AN A TR Bk AR TR AN 350 1T AR X /N T AN A TR 6 1 1) o

R TR A B G A SRR A A TR B - B A D T, a2 SCIRER RUSE B U A B AE m AME R AR
SR EARW I, FIRTFSE T, KN 12~15 mm M3, 297 W& AMER B2 2 KT 150 mm,
U>10. RR TR o, SR [FITR 5 145 i, 048 32 22 3G iR Bk + B %, JF A B2 58P
. (HEERP TR, SR BRSNS FME R B v REAH I, TOLZ R 0.8<U<<6.0. MIZEHLSA
[F) Fsf, SR 5 00 7 B g A R 38 A R A 1 O St R ], AR R BT AR I B8 0 A7 Xl . A R SR 45 1 T
AT TR R G SRS 2 L, A 22T R 0.8<<U<<6.0 B g I B - SE AR ST R I PEREIF 5% o

ARSCH, FFE 0.8<<U<<6.0 B4 5 A TR BE A=A 5206, ARAR AN 7] 25 8 A50RIAS ) B JEE o AR A il 1 T
35 FF RS T AN TR R - B A R 40 26, o 0 B A T R 3 B SR A, (] B ) S A R TR B R TR
BT IE, FRA5IE F T s AR EE LI R KRR A R MR AR AEC TR BT RS

1 s R IR
Fig. 1 CFST with honeycomb structure!

1 3 1§
1.1 38K

L Op A AR K R 647 mm, LA 100 mm,
SR SKER i R S K AR 9=3, W
7 850 kg/m’, #PERIE N 210 GPa, JE R 5 BN
1 413 MPa, 23 $A4h B A% 3 (A 3% QAT B A IR T B2 Bk
48 LA PN TR R, % 29 1 650 kg/m’, Fig.2 A photo of the projectile
AR R ST R 20.57~22.42 kg,

053101-2



543 4 AL, S5 WS R EE L DURBITERE SRR 5

1.2 K

BEE 3 FPLS AN, BEJS 5 mm W63 A4S TR IEE 140 3 B, BEJR 8 mm 65 A9 A TR 10 3 B, 1 Xt
HEZH 1 O A TR 1 B N 2 R e AN A TR B A R Y SRS S R IR AR S — A ot Hoo
KN 80 mm, BEEESM 5K 5 A1 8 mm, B4R Q345 A9, AR RT HITRBE AR A SN LT 4E ) C100 B
WAL EE L, WA R 2 420 kg/m®, [ ARFRYARE(28 d) T IREE AR i STy R BUHSR EE N 101 MPa, &
HE A L s A S (UL 3), a3k B8 S AR AR A7 8, SIS [R) 25 HE 05 A A2 18 52 6

Steel plate

Center point

Welding < Intersectin
reinforcement PR Q 3 seting
block Y ey ot
« A 4 .

<t p !
Load hook \ < Q” q Hotneytcl?rmb
s . structure

Concrete
(a) Structure (b) Photo

3 MRS FIR A
Fig. 3 The structure and photo of the target

R T AEEAEL 2 TG BIR HE H  AAR F  e E TRL B A BEAR RIT R R TR 400 mm B4 R AR, S5
5 400 mm [ C100 F % SCTREE 35 M, I — RS, #EMR A28 1 600 mm, G5k 800 mm.
kTR0 B, AR AN T Q235 AR RS T R4 . e BN A TR E MR AN IA] 3 IR . AR TR BE - U
Frens, BR800 mm.

2 BRMSH

21 &

FH 125 mm 4% ¥ fh b S s AR, el 26 24
L P SRR & S R, R AR Y Rl R
SRR I PO S S R A B TR L LR Y 2
271~352 m/s, SE5 5 14 3 A DR 5 3 1) B A &
¥y, JCHH AT, AN 4 FFos o $EAR SR I A IR
EBLANE 5 iR, HARZE R 1,

FH & 5(a) AT UL, X6 06 6 A9 A TR 356 -, Y e A A, SRR B A TP A SR T & R AR E AR, T
TR BE - B 2 o8 2, I 30 50 o0 IR BE 4 BUAS [ AR 0 9%, (E R0 PE R AR G 45/ o IR S(b)~
(e) FIEl 6 AT UL, 432 55 5 MR AT, i A0 AR Bk A ki B (0 R 3 50 M, 3R =2 2 i % 70 Fn 3 R B s i), A
RASEAK 30~ 100 mm B & A= 5%, I &R A S IR T AT . 32 5 25 ¥R, R AT A e & 4
W S AR T, A9 0 B RV FE A 25 H0  BRE B 5 oT Y TR B 2 BRIV L A L AR TR B - A B IR (DL
&l 5(g)), AR/ RE R ] T 44 2 T T S0 1 T AR AR

W 6 A TR O - R JC AN A TR R R YT R, IR 7 i . RS RERG SR T IREE it
FERZ R T I I A A% 3k, e 0 A R B I ) 2 T 38 A i S HL T R A, SESUE A Rl /N TR A R
JG. JUENAETR EE PR I J RS o R, 20— A 2 B A B, 24 g0dhn] UL A I ) DRy 244K
FARZ

K4 SLBE sk

Fig. 4 The projectile after experiment
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Fig. 5 Damage of targets
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Table 1 Results of the penetration experiments

E1LEEN W BEJE /mm L ¥/ (m-s™") T /kg B /mm FHUR S /mm?
F-1 A 5 b 352 20.60 478 320x410
F-2 A 5 R 274 20.62 290 300%420
F-3 A 5 s 271 22.40 294 290x370
E-1 A 8 R 274 20.57 280 290%300
E-2 A 8 s 307 20.61 324 290%290
E-3 A 8 e 317 22.42 357 350x400
S-1 Ji — — 271 22.41 310 1150%1170

(a) F-2 (b) E-2 (a) With steel tube, F-1 (b) Without steel tube, S-1
P 6 A2 35 ST S A i e SRS A B BT DTSR 7 AT R R L R SR T R
Fig. 6 Deflection marks of projectile and shear failures Fig. 7 Surface cracks of targets with or without steel tube

of steel tube wall under intersecting point impact
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Table 2 Penetration depths converted by initial velocity

LiLTEN B BEJEL /mm A B/ (ms™) HHAH/ (m-s™) fZ/mm AR/ mm
F-1 A 5 s 352 274 478 370
E-1 el 8 s 274 307 280 313

500
-
= Thickness 5 mm, center point impact
£ 450 f A Thickness 5 mm, intersecting point impact
g = Thickness 8 mm, center point impact
= A Thickness 8 mm, intersecting point impact
& 400 No steel tube
]
g .
g 350¢+ -
=
2 A
o} ]
L | e
300 a,
-

260 280 300 320 340 360
Velocity/(ms™)
8 S MATA) B R IIR

Fig. 8 Experimental and converted penetration depths based on initial velocity

221 F¥EHFR

B & 8 AT DL, X REJR S S mm., 3Ry 274 my/s B, 0 BRI R TR E R, ZHHEY
25.8%; M REJELJy 8 mm. Bk 307 m/s B, H0 3 AR TR 5 B8 a5 A L) 22 0 /0N, B2 R S A B AR
TR S22 B B Bk o 3K T RE I R R, 2 5 B8 A D AN A U, TG BT I ] 5L A 5 4 480 BE A ilf
T8, R4 AR P50 487 BE 7= A 59 UIRRIR, [] Ip A 304 e A i e o ARIRIA 324 100 mm I, SRR A I 1/ e 5
PATT, A5 N RE S Ak o BAMR A ok R, BN RE L BELAG S A S B R BOR A, B R B AR
Ho PR AT TG, A AR, ARz 1 2 2, H SRS 36T 68 5 4948 BE kA= Uk, T LA
A BRI W B B . AL 6 BH I AT L, s (e R0 R AN A BE 1 BY DR
222 MEBRRNF R

M 8 AL, 2 EHE SO D S N 274 m/s B, BEJEE 5 mm B AR AR TR HE 8 mm AYBE AN T 4
32%, BIVEE X TR EE I K . L%E’ﬂﬂ: B A% O TR - BRI T, R T A% O IR BE SR B, [R]
B BHLLE T A0 TR BE 1 SR BRY J JR, SN T LAEE  ARAERE TR R, A A 1) 2 SRR P ), B
SERAZC TR BE - 15 B, AR IR T R .

FETCH TR EE - AR ) SE 80 v, RIITR BRI 343 mm. XN, SRR ARG, M4 L &4
FEE AR, HRARR AR — BRI BT, i R RN
2.3 A[E)58#8 R ~T Eb B #R AR B9 B 2R

FRMAEN FET T 15 mm M #E BN SR B AR 240 mm TR EE T 0 L8, i SL g U=16;
AR SCEH T U=1.6. FEMAYBIRIE 204351 & 9~ 10 Az, nf BLHRE RS e I 25 i) 0 M 2 1 A e 3R
B

M U=16 i, ¥R TSR AN HEES 5RY, RS HRE, WEV SR, JOW B8 AR .
TREE+ H kAN %Bév‘ﬂﬂ%,Hﬂ%mlﬁﬁ%ﬁﬁf%ﬁﬂﬁﬁmll IHRICIC S, e Ry, AR R 22 88
b, BN 7 A 5 BB T R A B S, © M E R, AR BINRBE T+ B A

053101-5



ERRE AL, S5 WS R EE L DURBITERE SRR %50

N U=1.6, B AARFER, WESSROMTEEGAR ., doE B, &R S oTiE RFEE, H
FR A A pliAl, ANTE A IR T Y . F LA OCREE LR, SEAMIIREE LR 48 e
Joi it o 3 R AT 07 B PR OT IR B B ICR T o S I, A R ASUANAR A A Y U RBEIR, ¥ 0 A
P BLBivE , HAR A [ N BY IR AR TE o A S A T BT IR BE L R R . PR E R T U, B
AR BT BT H L T AR, (BB R

N
(a) Center point impact (b) Intersecting point impact (a) Center point impact, E-1  (b) Intersecting point impact, E-2

B9 4 U=16 B AR AER" E 10 24 U=1.6 BHEABR
Fig. 9 Failure of targets when U=16!""! Fig. 10 Failure of targets when U=1.6
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Fig. 11  Structures of experiment specimens
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Table 3 Strength enhancement coefficients of core concretes

AN e W b/mm f#/mm s PIMN o/MPa /. MPa k
1 J — — 0 0.964 0 57.9 1
2 J — — 0 1.035 0 62.0 1
3 J — — 0 0.904 0 54.1 1
4 A 80 5 0.52 2.361 13.8 104.9 1.81
5 el 80 5 0.52 2.366 13.9 105.2 1.82
6 A 80 5 0.52 2.354 13.6 104.2 1.79
7 A 80 8 0.83 3.034 17.3 116.7 2.01
8 A 80 8 0.83 2.962 15.5 110.6 1.91
9 A 80 8 0.83 3.000 16.5 114.0 1.96
3.5
3.0t

— No steel tube
— =5 mm
— =8 mm

Bearing capacity/MN
N
S

0 0.02 0.04 0.06 0.08 0.10
Strain

12 AR T 2R

Fig. 12 Bearing capacity curves of specimens

(a) No steel tube (b) =5 mm (c) =8 mm

13 R AMBIRES

Fig. 13 Damage of specimens
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Fig. 15 The relationship between the strength enhancement factor
of core concrete and the hoop factor
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Table 4 Experimental and computational penetration depths

FiuteN Wi BEJE /mm FHL W13/ (m-s™) IR /mm AR /mm R2E/%

F-1 H 5 ey 352 478 400 16.31

E-1 H 8 ey 274 280 290 3.57

E-3 H 8 ey 317 357 364 1.96
4 4 i

TR T SRR T 270~352 m/s I AR 1Y) G4 TRLUEE - R 08 T 0 A IR R - B A S, Ko AN () 4 A e
JE ) BN I T A A TR R SR AT T PR R A S, T T e s AT TR B L R PR MR e R PLEE . 15
T LIF 8.

(1) 24 0.8<U<6.0 B s A B A% [A] 40 4 i (AR T e, 25 40 05 X R 3 T mle R =R 2 i B dg .
I, 2 R0 SROT A IR PR R, (B R AR B A, N AR AT AR S T IRE .
S A BA TR R W IR T R, I T 00 LT TR BRIV o S T, 5 A A R A B )
IR, 43 08 B 0%, LAY 7 B TR T o 25 I 30 37 8 B TR e IR A e

(2) WS AN A TR G - 1 A A B SR TR R 06 R A BT, B TR 5 mm 45T AN TR BE + (1R R L 8 mm BEJE
FIBETN T 24 32%; 5 #0 J7 X XHZ TR A 52 i ELRE LT
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