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Evaluation of Local Damages and Residual Performance of Blast
Damaged RC Beams Strengthened with Steel Fiber and FRP Sheet
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ABSTRACT In this study, standoff detonation tests and static beam tests on 160x290x2200mm RC beams were conducted to
investigate the effect of local damage on the flexural strength and ductility index. And also, blast resistance of RC beams
strengthened with steel fiber and FRP sheet were evaluated by these tests. The standoff detonation tests were performed with charge
weight of 1kg and standoff distance of 0.1m. After the tests, crater diameters and loss weights of specimens were measured to
evaluate the local damage of specimens. Flexural strength and ductility index were measured by conducting the static beam tests on
the damaged and undamaged specimens. As a test results, normal concrete specimen(NC) showed relatively large crater and spall
diameters that caused weight loss of 23.5kg as a local damage. Whereas, steel fiber reinforced concrete specimen(SFRC) and FRP
sheet retrofitted specimens(NC-F, NC-FS) showed higher blast resistance than NC by reducing crater size and weight loss. Flexural
strength and ductility index were decreased in case of local damaged specimens by detonation. Especially, large decrease of flexural
strength was shown in NC as compared with intact specimen and brittle failure was occurred due to buckling of compressive
reinforcement. In case of specimens strengthened with steel fiber and FRP sheet, residual flexural strength and ductility index were
increased as compared with NC. In these results, it is concluded that critical local damage can be occurred unless enough standoff
distance can be assured even if the charge weight is small. and it is verified that strengthening method using steel fiber and FRP sheet

can increase blast resistance.

Keywords : blast test, steel fiber reinforced concrete (SFRC), FRP sheet, local damage, residual flexural strength
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Table 1 Test Variables

Notation Concrete FRP NO.' of
Specimens
NC Not retrofitted 4
Flexural
NC-F Normal reinforcement with 2
CFRP sheet
Concrete
Flexural and shear
NC-FS reinforcement with 1
CFRP sheet
SFRC with
SFRC 60mm Steel Not retrofitted 2
fiber
Table 2 Mix proportions of NC and SFRC
Type of | Max. size | Slump | Air w/C s/a
concrete |of aggregate| (cm) |content| (%) (%)
NC 25 150 3.0 40 44
SFRC 25 150 3.0 40 44
Unit Weighty (kg/m’)
Fine Coarse Steel

Type of | Water | Cement

concrete | (ke /m?) (ke /m’) aggregate | aggregate| fiber

(kg/m’) | (kg/m’) | (%)*
NC 140 350 792 1015 0.0
SFRC 140 350 792 1015 1.0

*Volume fraction of fibers

Table 3 Mechanical properties of concrete

Tupe of concrete Compressive Flexural strength
yp strength (MPa) (MPa)
NC 38.7 4.7
SFRC 31.0 6.4

Table 4 Mechanical properties of FRP materials

Fiber Resin
High strength carbon Epoxy
Tensile strength
(MPa) 4,900 90
Elastic modulus
(GPa) 230 3.0
Ultimate strain
%) 2.1 8.0
Thickness 0111 )
(mm)
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Table 5 Properties of steel fibers

Type of | Length |Diameter| Aspect ;{:;f;; Type
fiber (mm) (mm) ratio (MPa)
Long End-
fiber 60 0.75 80 1,196 hooked
Table 6 Properties of reinforcement
. Tensile | Ultimate Total.
. Diameter . elongation
Reinforcement strength | elongation
(mm) (MPa) %) under max.
load (%)
Deformed bar| 10 / 16 | 605.3 18.67 11.4
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Fig. 3 Blast test setup

Table 7 Properties of explosive

Detonation| Volume |Energy of | Drop |Amount of
velocity density | explosion | sensitivity gas
(m/s) (g/ce) (kcal/kg) (cm) (l/kg)
5,900 |1.18~1.50| 1140 100 820
=g 242 US THR

2 FRP AE 24 HZE

Table 8 Level of protection for high capacity wall catcher
system

TNT Equivalent | Standoff distance for Medium Level
(kg) of Protection (m)

25 (55Ib) 1 (3t

Table 9 Variables of preliminary test

Test No. Weight of charge | Standoff distance
(kg) (m)

NC-SD34 1 0.34

NC-SD10 1 0.1
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Fig. 4 Static flexural test setup

Table 10 Local damage of specimens

Local damage Shear-Plug
Variables ﬁi Ef A
JER T N ! s
Spall
C (cm) | Cd (cm) S (cm) | Degree (°)
NC 77 14 89 26 | 29
SFRC 48 12 105 34 | 25
NC-F 79 15 103 30 | 25
NC-FS 59 13 61 34 | 44
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Table 11 Test results of undamaged specimens

Variables Max. load Flexural Ductility
of test (kN) | strength (kN'm) | Index (¢,/¢,)
NC 196.5 186.7 7.9
SFRC 207.5 197.1 11.5
NC-F 217.5 206.6 3.3

Table 12 Test results of damaged specimens

Variables Max. load Residual Ductility
of test (kN) | strength (kN-m) | Index (¢,/¢,)
NC 79.3 75.3 1.3
NC-SD34 181.6 172.5 4.4
SFRC 137.2 130.3 2.7
NC-F 105.9 100.6 1.9
NC-FS 149.5 142.0 1.9
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Ductility Index = % 2)

¢, = yield curvature
¢, = ultimate curvature
%"6‘}%—% WA 3 APAES BT 186.7~
06.6 KNmZA A7 Wo] w2 xjol7} A FA
Od_*éﬂ?Oﬂ/ﬂ~ 2ol & YERHT) Fig. 79] Z1j3zelA 2
A 5 %ol FAFE BAE SFRCE APAF7} 115
2 7 3A JER o NCE 7.95 YRt FRP A
ER 3 B7% NC-Fi 2066 kNm=Z 7H & 84 EE
YERH AR FRP A EC] HA AR F-2uty] 7} g st
339 AGAFE e

2 _IH:l

[\*)

Flkslzol o8l H-EAde] HAS ARAAES B4
Lo} AgA Tl F ATt YebHTE 53] NC= 7
FE7F 753 kKNmO 2 &4 A F7F 52 40.3%4 el 23]
A Bl AAATE 1307 Fig. 8(a)ollAeb 7o)

(o]
—

1o

= @oto] WA HA A o7 e
B 7}3F SFRC= A4 E7F 1303 kN'mO. 2
6.1%%5 293 oH Fig 8(b)ek &
=Zddo] YEPHAIN AR 77 272
AA Tl 7 2 Fe HERUTE FRP A EE KB

3 ZFE = NC-F&= 100.6 kN'm, NC-FS+=
142.0 KN-'me| o™ =4 NC-FO 74w 9 nlws] v
ks o 7} 7} 48.7%, 68.7%2 BAEE U3 EIth NC-F
9} NC-FS9| dAAF= 1.98 FU33 21 Fig. 8(c), (d)
o} Zo] F AFA BT hEHZY FA=ddo] HA e}
At

71 NFAHRE Fall, Fel Qg FAL] ASHEA
& AL AL} A HAaAA T FHA

FUze

L
ol
et
Jo

> 9
2
_‘-l'EI'réi
H'LLll il
Lm
N o

[*N]

>

ol
o,
-
2
il
1o
2
S

~h

(c) NC-F (d) NC-FS

Fig. 8 Buckling of compressive reinforcement

632 | SF=E32|ESe| ==& M262 M|5= (2014)

}\]2‘54_0_ /\8146‘]-03 o u% Sl

rig

e
™o

l'ﬂ
@
L
4m
ok
oy
i

2)

3) &

4

u?i
ﬂj (o3
>
0
ol
$3%

lm d
l-m
T
o
ot
Lo,
O
2
jall
1o
Y
)

o=
et A 1T7} “W* o7 AA FAadHA
1 kNmoi £ A B0 92.4%

o
a2
e
. oX
A Lh
=
rr
.h
.h
O ¢
32 o
_Q

o?_‘, rld

L o i o X

_IX?L.:'L

{1

]_

[¢]

- =

=

N
ol of m¥ i

ol ot rll nE

B
_0|L
2
4!
T

EN
)
Jr 1Y

i)
E;Ei
9

:10
of
S
o

— o 2 oy
-
o
iih)
<
o
)
dlo
LI

{0 NE‘

s

o,
2
n)
AL
o
—
o PN

=)
N
N

off ot iz
1 N

(<]

rm NN
Z
o
w2
@)
[08)
o
Ir
Hl
T
b
o,>1 ja!

2 N
A
N

d

Ry
a1
[¢]

ol

X

18 oz -

b
0
o
)
>
my
4>
39,
vl
>

2

[*]
- <
¥
B X8
o

w0l A A2 7F 0.1 mQ)
7 cm, 89 cm®| crater®} spall®] A5}
gell gt FA &40 23.5kg RS
G 4 FRP A ER R7}S AL Zudlo] o3 =+
Jol 743k3I Tt SFRCEF NC-FS= NCell 1] 3]
sk &
A E4o] NCell H]
LFER 2]
f:a NC-F9} NC-FS+= FAE4
70% 7A3FSATt.

FA) A shear plugZt YHE}
5F S wE =
2w 8% A Ao 2z el H44
STk el o)

%, me} go] Watze

1-01] st AE7 F Q3

4 S e

4
o 0

1;&
0
HEL N o b

< 1 3L

T

4z oY oot oy ob il

crater A 5°] 2F 38%, 23% 7|7} A&
8] SFRCE =1 &% L01] Sk
3| 38%71-/\01.1::] BEAF “‘Hl—;ﬂz‘ﬂ—/ﬂh—o—
t}. FRP AEZ ®7]
o] NCell Hl3l 43%,

N ¥
k=)

0,
[
an)
i)

=]

il
o
)
i)
-l>

A2
o o
o
=2
2 1o
D
2
if‘ﬂ
T
e
1—‘O>I
52
N
- L
T oo
S
>~
EE
o
In
_Y}io
L)

o) i o rZ e .
>
)
fto
off

o
o
ol
Y
5{0
rlo
A
rlr
R
i
nﬂ
o
i
L
ﬁ
Y
o
o
kil
L
N
=]
U-)
X

Hhel 3w A Xakal gEELe 4%64401 =5
Efube] #3402 gy =ik A2 FRP AIE
2 RS AgAe] A9 F FAE7F NCef| v
3l 20% o1’ S7FFR I AFATFE 107%, 46% &
7}6}“4 :LﬂiEi kol o)t o] w2 T

A2l 7 & of &gt 1 7o)

E
O _—
%‘:—L}ﬂ% o%— 8&%01] 37 v A



10.

11.

12.

13.

=1

HAR| 2

o] At FELEH AAVIEA AN HEHE oA
AR Z 1374 ATS02)2] AFH Lol o) 43
AEHT

References

. Krauthammer, T., Modern Protective Structures, CRC
Press, 2008.

Biggs, J. M., Introduction to Structural Dynamics, McGraw-
Hill, New York, 1964, pp. 3-26.

Dusenberry, D. O., Handbook for Blast-Resistant Design of
Buildings, John Wiley & Sons, 2010.

Schenker, A., Anteby, L., Gal, E., Kivity, Y., Nizri, E.,
Sadot, O., Michaelis, R., Levintant, O., and Ben-Dor, G.,
“Full-scale Field Tests of Concrete Slabs subjected to Blast
Loads,” International Journal of Impact Engineering, Vol.
35, No. 3, 2008, pp. 184-198.

Silva, P. F. and Lu, B.,
Capacity of RC Slabs with Innovative Composite Materials,”
Composite Part B: Engineering, Vol. 38, No. 5-6, 2007, pp.
523-534.

Quintero R., Wei J., Galati N., and Nanni, A.,
Modeling of Bridge Components Subjected to Blast Loading

“Improving the Blast Resistance

“Failure

Part II: Estimation of the Capacity and Critical Charge,”
International Journal of Concrete Structures and Materials,
Vol. 1, No. 1, 2007, pp. 29-36.

Kim, H. J., Nam, J. W., Kim, S. B, Kim, J. H., and Byun, K.
J., “Analytical Evaluations of the Retrofit Performances of
Concrete Wall Structures Subjected to Blast Load”, Journal
of the Korea Concrete Institute, Vol. 19, No. 2, 2007, pp.
241-250.

Ha, J. H., Yi, N. H,, Kim, S. B., Choi, J. K., and Kim, J. H.,
“Experimental Study on Blast Resistance Improvement of
RC Panels by FRP Retrofitting”, Journal of the Korea
Concrete Institute, Vol. 22, No. 1, 2010, pp. 93-102.
Patterns of Global Terrorism 2003, United States Department
State, 2004, pp. 179.

Bank, L. C., Composites for Construction: Structural Design
with FRP Materials, John Wiley & Sons, NJ, USA, 2006,
pp. 214-271.

Teng, J. G., Chen, J. F., Smith, S. T., and Lam, L.,
FRP-Strengthened RC Structures, John Wiley & Sons, West
Sussex, England, 2002, pp. 31-46.

Wu, C., Oehlers, D. J., Rebentrost, M., Leach, J., and
Whittaker, A. S., “Blast Testing of Ultra-high Performance
Fibre and FRP-retrofitted Concrete Slabs,” Engineering
Structures, Vol. 31, No. 9, 2009, pp. 2060-20609.

Min, K. H., Shin, H. O., Yoo, D. Y., and Yoon, Y. S.,
“Flexural and Punching Behaviors of Concrete Strengthening

=1
=

B[
e
]

AL

ol
o —

22 dudw

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

2 FRP AE 2Z

with FRP Sheet and Steel fibers under Low-Velocity Impact
Loading”, Journal of the Korea Concrete Institute, Vol. 23,
No. 1, 2011, pp. 31-38.

Lee, J. Y., Kim, M. H., Min, K. H., Yoon, Y. S., “Analysis
of Behaviors of Concrete Strengthened with FRP Sheets and
Steel Fibers under Low-Velocity Impact Loading”, Journal
of the Korea Institute for Structural Maintenance Inspection,
vol. 15, No. 4, 2011, pp. 155-164.

TM5-1300/AFR 88-2/NAVFAC P-39, Structures to Resist
the Effects of Accidental Explosions, Joint Departments of
the Army, Air Force and Navy Washington, DC, November,
1990, TMCD Version.

Unified Facilities Criterion (UFC 4-010-01), DoD Minimum
Antiterrorism Standards for Buildings, Washington, 31 July
2002.
TM5-855-1/AFPAM32-1147/NAVFACP-1080/DAHS
CWEMAN-97, Design and Analysis of Hardened Structures
to Conventional Weapons Effects, Joint Departments of the
Army, Air Force, Navy and the Defense Special Weapons
Agency, Washington, DC, December 1997.

Yamaguchi, M., Murakami, K., Takeda, K., and Mitsui, Y.,
“Blast Resistance of Polyethylene Fiber Reinforced Concrete
to Contact Detonation,” Journal of Advanced Concrete
Technology, Vol. 9, No. 1, 2011, pp. 63-71.

Lonnquist, L., “The Effects of High Explosives in Contact
with Reinforced Concrete Plates,” Proceedings of the 6th
International Symposium Interaction of Nonnuclear Munitions
with Structures, Panama City, USA, 1993, pp. 262-266.
Kraus, D., Roetzer, J., and Thoma, K., “Effect of High
Explosive Detonations on Concrete Structures,” Nuclear
Engineering and Design, Vol. 150, No. 2-3, 1994, pp.
309-314.

Wang, Z. L., Konietzky, H., and Huang, R. Y., “Elastic-
Plastic-Hydrodynamic Analysis of Crater Blasting in Steel
Fiber Reinforced Concrete,” Theoretical and Applied Fracture
mechanics, Vol. 52, No. 2, 2009, pp. 111-116.

Saatci, S. and Vecchio F. J., “Effects of Shear Mechanism
on Impact Behavior,” ACI Structure Journal, Vol. 106, No.
1, 2009, pp. 78-86.

Chen, C. C. and Li, C. Y., “Punching Shear Strength of
Reinforced Concrete Slabs Strengthened with Glass Fiber
Reinforced Polymer Laminates,” ACI Structural Journal,
Vol. 102, No. 4, 2005, pp. 535-542.

Yoo, D. Y., Min, K. H,, Lee, J. Y., and Yoon, Y. S,,
“Enhancement of Impact Resistance of Layered Steel Fiber
Reinforced High Strength Concrete Beam”, Journal of the
Korea Concrete Institute, Vol. 24, No. 4, 2012, pp. 369-379.
Wang, Z. L., Wu, L. P., and Wang, J. G., “A Study of
Constitutive Relation and Dynamic Failure for SFRC in
Compression,” Construction and Building Materials, Vol.
24, No. 8, 2010, pp. 1358-1363.

x4 —
S g

H

FFP|E HO| 2EAAN Ol REMS

7t 633



e oF B AFoxE Zulke] o)F IR EAlo] IR IYE HO AF IAE 9 AN nXE P dolr ] ¢5to]
160x290x2200mme] FFZAE Rl tfste] 24 HU AP Y Jsts FADS FHATE g o] APS T3 A/ 9
FRP AN EZ 7 st AIEILE He| ZRAGA5S FrFsint dekd 1kg, o]A7E 0.1me] 3 AEE a3l om, Al
S AF A crater, spall A5 FAIEA (weight loss)S S 3t Al A2 FHEAE 7o) 3t HlbslsS wA) o
2> AEA g} FslEg whol pEAfo] wAS AR A FotE BAES Y5t AT W ANAGFE SHSI ARAE
¥ REEIYE APANC)E Bl 2 crater®} spallo] A o Ao o3 F7 £240] 23.5kg HASITE vk
AR 7FEZ A2 E AGA(SFRC)SE FRP Al E H7F Al A(NC-F, NC-FS)&= NCO| H]3|| crater 7] 8} F-A|&H0] sty 4
H 2G5S JERQITE T3 Zusko] o) ariEsdo]l B AFAES AT AGAFIE AT 53
NCE 7 FA=7 718 Akl vlal 2/ Hasida g¢Fdse] addo] vetvd HAHHe=z s=ih. A9
FRP NEZ B7% AdA9 A% 257 45 U AXAF7F Nl vl S71ekaith ol & Fa) Zdo] iy s 49 23
olAAYE FHalA XKatH Foko] At FREA M A FREAS A AL F v AE & 5 olslen, A

[e]
9 FRP A O3t 07 whlo] 2RAZHEE FPAUGE AL HAT 5 Uk

tlo

UAMEO @ ZZAY, FERELEAUE(SFRC), FRP AE, 3Rdy, M7 23k

634 | =232 |ESls| ==& X267 5= (2014)



