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Impact Resistance of Steel Fiber-Reinforced Concrete Panels
Under High Velocity Impact-Load
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ABSTRACT This paper describes the evaluation of the impact performance of steel fiber-reinforced concrete based on
high-velocity impact experiments using hard spherical balls. In this experimental study, panel specimens with panel thickness to ball
diameter (h/d) ratios of 3.5 or less were tested with variables of steel fiber volume fraction, panel thickness, impact velocity, and
aggregate size. Test results were compared with each other to evaluate the impact resistance. The results showed that the percentage
of weight and surface loss decreased as the steel volume fraction increased. However, the penetration depth increased with up to steel
fiber volume fraction of 1.5%. Particularly the results of specimens with 20 mm aggregates showed poorer performance than those
with 8 mm aggregates. The results also confirmed that the impact performance prediction formulas are conservative with (4/d) ratios
of 3.5 or less. Despite the conservative predictions, the modified NDRC formula and ACE formula predict the impact performance

more consistently than the Hughes formula.

Keywords :

.M £
H vpeket dQle) s AT A <
AL 7= 249 54 T 3
FEAY By o2& A7 5
ZAYE FEEA FHstEol 7
ELE]E7} b =] 31 J]rJﬂO] %0}7}*1 21}”
|37} WAy S ﬂ o = gz
7] 1A HEsA8 S 71+ ]E‘ E—:LE]EE] I QAdo]
=T 01‘3} T3 ZAYE HEe A57]=9
SFobA1aL l= FAloltk o]l tigh thto = &AFA|o] Y
Q1/d o] T-r?f} ARSES Eﬂiiﬂ‘f(steel fiber-reinforced
concrete, SFRC)7} =& glom, W AFx50] #
AFRAEAZES] ‘41%‘7—1*3 of thato] &det A=
A gl

ATelM = HEFAR) o SEAF@)E] HI7F 35

[‘ =

[o

3
X
p

*Corresponding author E-mail : wiseroad@cnu.ac.kr
Received June 27, 2014, Revised October 10, 2014,
Accepted October 14, 2014

(©2014 by Korea Concrete Institute

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/

steel fiber-reinforced concrete, impact resistance, penetration, high velocity impact-load, steel fiber volume fraction

Fletolrt. &
TESIE W Bk 1) 70“3% =&l w}e a3
R, 2) Wd el whE SR, 3) A A7) o
2 AgAY s RE, T2 4) wzle], wEdA 9
et A FA S-S Bkl

L3 71E AT AR Atet A4 Vel AlAleke
ZAYE A9 WFH dsF7HE o8-8t FFH
ANtE A Bt AAFRATARE
WAl Aols el T3 71E AN E
AfugZadEe] Wsa4d 97t et 487k
O RM SFRCE #&3 WEHETE=9 AAE
25 Algstaat stk

=
b
=3
012
?
N
%)
1
;c
@)

>

e}
)
2, 2

ol

N
il
4
Og:\‘
ol
3t
=
[e]

731

by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



ZHE AZE QAT Perty AV ZAE FREC]
Z¥el A= vAE w8k (hard missile)ol]l tdt ATE 7]

wow FRAQ) $HYAE AHgste] ke Aotk

2. 23e2|E2| WEH ds0l gt 7[EAHS

o3 MaEa glom FAMPA ] 5 Frhekal Qe 1 % ZAYES] UF A #st A= vt 3
FAlolt), T4l o FATYEY IR EE AbE o (army corp of engineers, ACE)%} 7|7 =] 2 3](national
2 Fig. 13 o] 4dAZ Yrth a) T 11, b) defense research committee, NDRC)l| o] 3] F*53] 73] =
#13 wAny, o) IF, d) WL HP o R YFolx St 19431 o] def w7+ F-(ordnance department of
ot ZAE FxEl st S48 %% Brtel dd A+ the US army)®} ®HE= 817 A (ballistic reserch laboratory,
T e Hxow ofF 100d <l 19101 Perty] A BRL)YIM = ZAE FxEd dd B2 3448

Fastglon, olyd AdAnE vtgorE AEzlo] gt
AFAA, vt sHAFAA, 2 Bl #eizlo]
2161 ACE A|e+YS Alekaict. v)=r =-$) 9 3] (national
defense research committee, NDRC):= ACE #|+2]-& Hlgh
O 7 F7HHQ AR ekl o, u A2 E(massive
concrete targets)oll thsh 73 ekA (rigid missile)e] YR
¢l =74 (modified) NDRC #|$H21(Table 1)5 | A8}
. 53] 474 NDRC A|FH22 B o] ejof| wE
A9 (nose shape factor, N )= A|AI8kaL itk #1984
o] A$HE Hughes AIH21(Table 1) £21%ZA)4(dynamic
DIF)E Alg3to] Z2AYE g7} we] W

Qs melshan gk

(a) Penetration and spalling (b) Scabbing

increase factor,
FEro| wE

3. SFRC2| USAHY 7t 4

3.1 48 A=

(c) Perforation

(d) Overall response

Fig. 1 Missile impact phenomena® o] AFrelli= A EFEo
= B7tstr] 4

Table 1 Predictive formulas of penetration depth, perforation and scabbing limit thickness for local failure of reinforced concrete

Formula Penetration depth Perforation limit thickness| Scabbing limit thickness Remark
2 h 2
e T T s LA x
o L NM v, 18 5_3.19(3)—0.718 E) ] —7.91(d) 5.06(d) . .
3.8%1.0 N \/]T d - " G = impact function;
Modified e for —<1.35 for —=0.65 x = penetration depth;
NDRC %:200 2 for G=1 e " h - e = perforation limit
521.32%»1.24(3) 75:2.12+1.36(E) thickness;
L_@G+1 for G<1 z . hy = scabbing limit
d for 1.35 < ES 13.5 for 0.65 < ES 11.75 thickness;
3 I = impact factor;
25101 ( 11 c_ 1.324.1_24(3) —522.12+1.36(£ S = dynamic increase
US ACE %Z%(*Jdm V%40.5 d d d N d factor;
\/JTC d for 3< %g 18 for 3< FSS 18 d = diameter of missile;
M = mass;
fe = compressive
%: 0.19k7/S; <3500 strength of concrete;
) e =z h, " f = tensile strength of
Hughes _ MV —=1.58|—|+1.4; 7<3500|—=1.74| = |+2.3; 7< 3500 concrete:
- d d d d e
f.d V, = velocity of missile
S=1+12.3In(1+0.037)

Nose shape factor (N*) for modified NDRC formula =
sharp noses. Nose shape coefficient (k) for Hughes formula =
sharp noses respectively.

0.72, 0.84, 1.0 and 1.14 for flat, hemispherical, blunt and very
1, 1.12, 1.26 and 1.39 for flat, blunt, spherical and very
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, e A, 2ear %—74%5 t A}%ﬂ %iD}(Table 2).

2 0.5, 1.0, 1.5, 2.0%% THsFom, oA
HELE]E gl vluE st AAFE EY3HA
o AAA(0%) A&ste] & 57FA] wighe] F=8
EZ AR dids OideE WyWEAAS H7herlth
Aol AR AT AU Table 3¢ HeERSITH
ZAYES] HAAVIESFAE(fDT 30 MPas HiE
Table 49} 22 #3HS ARSI o] W ZA|A7]0] &
g8tz A WeAa4de Brlstaa 242715 8 mm
9} 20 mm=E FHE3ko] wiEekgleh 2ela AR T3
K (fiber balling)S WA|et7] &) 23]o] A4 ZIATE
o] F3]EkT) i A EQ sty HFS ¥
ofatr] flalA AFAE W FJAGHE AP KS 114
of F3te] AAlstdtt. 1Ela WFAAE Brkshr] 9
3k A A 2] Z7]3= 200 x 200 x 30, 200 x 200 x 50, 200 x
200 x 70 mm(7F=E x A& x TR A28 0. (Fig. 2),
zF WAgee] webA Fig. 33 o] APAE kit

st

3.2 AlE Y

PFAE APE Sla 2100 x 200 mm2] A5 A

Table 2 Experiment plan and specimen details

AE 2wl gkl 304 Alzsk o
KS F 2405"°] wie} vbs A 28715 }%‘8}01
SAE(f)E ST 283 BAE AIES $stkod
100 x 100 x 400 mm AHZF AGAS 2F i el whet 370
A A =akgl 3, A S KSF 2408YS W THFig. 4).
523 B7kE A A QYA GHYE FAA 2
P FAAFAE TAA BT 2443 5k /1A AT

F e E 00+ 2C 9 2ol 282 7F kS st}

T-30, 50, 70mm

H-200mm

W-200mm

Fig. 2 Specimens dimensions

8v1-3-1.0%

Steel fiber volume fraction
Thickness of specimen (cm)
Velocity (1 =270, 2 =350 m/s)

Maximum size of aggregate (mm)

Fig. 3 Specimen ID

. Concrete (MPa)| Steel fiber volume Size of coarse Thickness of panel Impact velocity
Specimens £ £ fracture (%) aggregate (mm) (mm) (m/s)
8v-0%-series 45.5 6.93 0
8v-0.5%-series 40.13 | 7.19 0.5
8v-1.0%-series 40.30 | 11.61 1 8
8v-1.5%-series 31.70 | 12.94 1.5
8v-2.0%-series | 28.67 | 12.93 2 gg 270
20v-0%-series 37.85 | 6.37 0 70 350
20v-0.5%-series | 42.16 | 9.04 0.5
20v-1.0%-series | 33.96 | 10.21 1 20
20v-1.5%-series | 35.87 | 10.87 1.5
20v-2.0%-series | 36.35 | 11.81 2

for = Average of measured compressive strength at 28 day, f, =

Table 3 Properties of end-hooked steel fiber

Modulus of rupture of concrete

Type |Specific gravity | Diameter (mm)| Length (mm) | Aspect ratio (//d)|Tensile strength (MPa)|Elastic modulus (GPa)

Hooked 7.85 0.5 30

60 1100 205

Table 4 Mix proportion of concrete

7 Unit weight (kg/m’)
ck
W/B (%) | S/a (%) | Vi (%) Steel
MPa
(MPa) W C S G tiber
30 55 45 0-2 205 373 756 924 0-157

for = Specified compressive strength, W = Water, C =

Cement, S = Sand, G = Coarse aggregate, V; =

Steel fiber

volume fraction, W/B = Water-binder ratio, S/a = Fine aggregate ratio
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o] 140 mm =0]¢] HFa#S 37 AR5t 1 (a) Curing (b) Flexural test
ot uebd A8A e} 1gEo] HAAE FES Fig. 4 Curing and flexural test

ZF 10 mm, A5 Smm 283 3 15 mme|th
Bl 215 20 mm, F-7] 32.8 g] 7dAl|H(spherical
ball)o]™, 7AW 0 2 F5455 270 = 350 m/s=
HhARSEITE, BA7E A Al F5 & 3] PAel uf
24 1) #Y] W W I (spalling), 2) B WL (spalling
(R)), 3) HllH 33 (scabbing) 4) &3} (perforation)] &
FOoE Seto®w ddste] Y-S 3 tH(Table
5). ©] TE SAY Y AW W] SRS § (a) Test setup (b) Test machine
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Fig. 5 Impact test

Table 5 Selected experimental results of damage

Front (mm) Rear (mm) Weight (kg)

Specimens Velocity |Failure mode Range Depth IE;: )S Range | Depth I(‘;: )S Before | After IE;: )s
&v1-3-0% 270 Perforation |58.0~74.0 10 9.29 84~102 20 16.8 2.848 | 2.64 7.3
8v2-3-0% 350 Perforation |58.0~78.0 10 9.35 80~104 20 17.34 | 2.852 | 2.574 | 9.75
8v1-5-0% 270 Perforation |52.0~67.0 16 9.62 44~148 34 9.07 4807 | 4.64 3.47
&v2-5-0% 350 Perforation | 76.0~100 18 1632 | 122~152 | 32 41.16 4.8 4211 | 12.27
&v1-7-0% 270 | Spalling (R) [58.0~77.0 14 10.77 0 0 0 6.7 6.6 1.49
&v2-7-0% 350 Perforation | 74.0~104 | 21.82 18.14 38~67 | 48.18 | 6.55 6.72 6.39 | 4091

8v1-3-0.5% 270 Perforation |52.0~64.3| 10.35 6.18 [81.9~954| 19.65 | 1423 | 2902 | 2.758 | 4.96
8v2-3-0.5% 350 Perforation |61.6~66.9| 12.45 7.05 190.2~93.7| 17.55 | 15.89 292 | 2745 | 5.99

8v1-5-0.5% 270 | Spalling (R) [63.0~92.4 16 12 0 0 0 4.806 | 4.728 | 1.62
8v2-5-0.5% 350 Perforation |72.0~80.3| 15.34 13.29 |99.0~127 | 34.66 27 4743 | 4424 | 6.73
8v1-7-0.5% 270 | Spalling (R) [60.0~64.7| 14.6 8 0 0 0 6.65 6.58 1.05
8v2-7-0.5% 350 | Spalling (R) |77.0~96.7| 19.4 15.24 0 0 0 6.58 6.44 2.13

8v1-3-1.0% 270 Perforation |45.4~67.7| 9.23 726 [61.6~24.1| 20.77 | 10.87 | 2.866 | 2.782 | 2.93
8v2-3-1.0% 350 Perforation |54.7~72.4| 11.92 837 |66.5~80.7| 18.08 | 12.05 289 | 2762 | 443

8v1-5-1.0% 270 | Spalling (R) [56.0~70.5| 14.6 8.81 0 0 0 4.897 | 4851 | 094
8v2-5-1.0% 350 Perforation |60.7~86.1| 14.94 11.22 | 100~115 | 35.06 | 27.26 | 4.749 | 4.469 59
8v1-7-1.0% 270 | Spalling (R) [61.1~74.2| 153 10.14 0 0 0 6.866 | 6.811 0.8
8v2-7-1.0% 350 | Spalling (R)|79.0~87.9| 19.1 14.42 0 0 0 6.739 | 6.641 | 1.45

8v1-3-1.5% 270 Perforation |46.9~60.0| 8.92 57 |70.5~85.6| 21.08 | 11.83 287 | 2743 | 443
8v2-3-1.5% 350 Perforation |53.5~72.7| 13.1 732 162.8~77.8] 16.9 11.62 | 2914 | 2.77 4.94

8v1-5-1.5% 270 | Spalling (R) [57.0~62.2| 13.7 7.32 0 0 0 4963 | 4.82 2.88
8v2-5-1.5% 350 Perforation |63.4~73.6| 14.6 975 |71.4~115| 28.5 18.2 4.841 | 4589 | 5.21
8v1-7-1.5% 270 | Spalling (R) |[61.6~73.2| 17.9 9.71 0 0 0 6.58 6.5 1.22
8v2-7-1.5% 350 | Spalling (R) |75.4~86.8| 19.3 12.36 0 0 0 6.66 6.56 1.5

8v1-3-2.0% 270 Perforation |46.5~66.5| 10.3 6.85 [65.6—86.5| 19.7 10.97 285 | 27755 | 3.33
8v2-3-2.0% 350 Perforation |57.0~71.0| 12.89 812 | 68~88.0 | 17.11 | 11.69 | 2.828 | 2.684 | 5.09

734 | =232 |ESls| ==& X267 6= (2014)



Table 5 Selected experimental results of damage (continue)

derEYEIC E iEo LISAY

Front (mm) Rear (mm) Weight (kg)
Specimens Velocity | Failure mode Range Depth IE;:)S Range | Depth ]Z;:)s Before | After IE;:)S
8v1-5-2.0% 270 | Spalling (R) [58.6~76.6| 17.07 9.22 0 0 0 4765 | 4.685 | 1.68
8v2-5-2.0% 350 Scabbing |62.0~93.5| 20.3 12.83 [34.5~67.1| 1836 | 9.98 4864 | 4.717 | 3.02
20v1-3-0% 270 Perforation |54.5~98.9| 13.24 1423 |84.8~136| 16.76 | 22.64 | 2.921 | 2.571 | 11.98
20v2-3-0% 350 Perforation |60.0~95.0| 10.34 1241 [87.0~142| 19.66 | 24.55 | 2.939 | 2.522 | 14.19
20v1-5-0% 270 Perforation | 69.1~104 | 14.46 15.6 | 111~139 | 3554 | 31.13 | 4.872 | 4304 | 11.66
20v2-5-0% 350 Perforation | 81.4~122| 18.2 2578 | 132~159 | 31.8 | 40.92 | 4.838 | 3.963 | 18.09
20v1-7-0% 270 | Spalling (R) |64.5~81.0| 12.13 12.2 0 0 0 6.87 6.7 2.47
20v1-7-0% 270 | Spalling (R) |64.0~87.0| 16.46 10.59 0 0 0 7.18 | 6.82 | 5.01
20v1-3-0.5% 270 Perforation |60.2~94.5| 9.09 8.05 [53.2~64.6] 2091 14.7 2912 | 2.751 | 5.53
20v2-3-0.5% 350 Perforation | 75.9~103 | 13.37 13.27 [60.7~76.2| 16.63 | 19.78 | 2.965 | 2.687 | 9.38
20v1-7-0.5% 270 | Spalling (R) [63.1~77.3] 11.26 9.91 0 6.75 6.72 0.44
20v2-7-0.5% 350 | Spalling (R) | 842~101| 19.12 16.71 0 6.93 6.67 | 3.75
20v1-3-1.0% 270 Perforation |34.7~60.8| 8.58 6.52 | 71.6~106| 21.42 | 1391 | 2963 | 2.802 | 5.43
20v1-3-1.0% 270 Perforation |45.8~66.5| 12.7 6.57 [59.9~889| 173 16.41 | 2901 | 2.88 0.72
20v1-5-1.0% 270 | Spalling (R) [49.1~79.6| 189 8.42 0 0 0 4864 | 4.803 | 1.25
20v2-5-1.0% 350 Scabbing |62.1~91.9| 19.6 11.44 [563~86.4| 129 | 11.64 | 4796 | 4.667 | 2.69
20v1-7-1.0% 270 | Spalling (R) |71.6~85.1| 15.9 12.1 0 0 0 6.78 | 6.68 1.47
20v2-7-1.0% 350 | Spalling (R) |67.5~98.9| 20 12.68 0 0 0 6.8 6.68 1.76
20v1-3-1.5% 270 Perforation |52.0~71.0 8.33 7.15 169.0~103 | 21.67 | 144 2936 | 2.791 | 494
20v2-3-1.5% 350 Perforation |51.2~75.0| 11.72 9.63 |650~110| 1828 | 1654 | N/A | NJA | NA
20v1-5-1.5% 270 Scabbing |52.0~81.0| 15 83 ]269~46.6| 125 3.17 4885 | 4.844 | 0.84
20v2-5-1.5% 350 Scabbing |55.8~84.0| 19 12.09 |25.8~40.2| 17 6.24 4845 | 4.774 | 147
20v1-7-1.5% 270 | Spalling (R) |49.0~79.0| 17.5 8.01 0 0 6.803 | 6.763 | 0.59
20v2-7-1.5% 350 | Spalling (R) | 71.1~110 22 15.92 0 0 6.79 | 6.678 | 1.65
20v1-3-2.0% 270 Perforation |52.9~72.1| 9.02 6.89 [69.6~92.6| 2098 | 11.86 | 3.067 | 2.946 | 3.95
20v2-3-2.0% 350 Perforation |54.8~75.0| 9.32 7.56 |71.9~91.9| 20.68 | 13.61 | 3.004 | 2.858 | 4.86
20v1-5-2.0% 270 | Spalling (R) [53.4~68.0| 11.7 7.72 0 0 0 4948 | 492 | 0.57
20v2-5-2.0% 350 Perforation |67.6~84.7| 19.53 1295 [60.6~116| 30.47 | 13.71 | 4948 | 4.794 | 3.11
20v1-7-2.0% 270 | Spalling (R) |49.7~74.9| 11.9 7.09 0 6.84 | 6.81 0.44
20v2-7-2.0% 350 | Spalling (R) |63.6~83.6| 19.6 10.74 0 6.864 | 6.806 | 0.84
Spalling (R) = Spalling with rear crack
7 S 5 ARSI 2.0% A FE EUT FAEY YELE
© AAGFAERY A L}E} ek 9hE 20 mm EAE
4. AsjZal 2 nE S 2 EAE AR EQEC Tl ERE
HEdEe MRS HA4 ?%—E— Ao % yebsth 19
41 ZH7 EYS0 WE =Tzt FLE It U2 drte g AR A RRAEAEY] &
FEe] A= S A= ol Jow i
A7 2AYEY (FAEC Z dFE vAA o ot
T ARS B Al A SAFAGY Hdige AATRAAZAGES] s AT EUE ¢
A A717F 8mm ¢l ZAYES] P& EE 95| % et Aerh S Ade HEel BRAthFig. 6). &
M £QB) Zrhgel uet gaut wuld @AE 3 oled 4TS AUFSTAL Smm TAS A
H S TH(Table 5, Fig. 6). 53] HUlHZAZ 8 mm A ZAgE 3o 20mm FAHE ALEE LA E 1
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=29 7], Hd A D AR EdEe UE AEFE Fig. 9°l= ZF A2 dw #Aglzlol(x)s) wiwute]
H] ko] Fig. 7°] Yebdt a2 E 9 %%VE of oJgt &< Zloj(h)el vlE Hlaste] ek 713
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=] A7l e HEAdE vushd A £YE 7hgof wet x/as Bl ZH2E 0.54, 0.59, 0.52, 0.60, 0.56%
1.5%7kA= =A18 27178 2 AgA Y] TFEAZ] o Uebtom dAA o R & 2polE HolA &gt =4
< Fa, THEAE S 1l AT 2545 717} 22 8v-series AP AN ZA A7]7F 2 20v-series
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Steel fiber volume fraction (%)

Fig. 7 Weight loss and steel fiber volume fraction relationship
of perforation specimens under 350 m/s
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Fig. 8 Front area loss and steel fiber volume fraction relationship
of perforation specimens under 350 m/s
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Fig. 9 Penetration and scabbing depth ratio of perforation
specimens
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