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A Study on the Penetration Resistance and Spalling Properties
of High Strength Concrete by Impact of High Velocity Projectile

Hong-Seop Kim," Jeong-So0 Nam," Heon-Kyu Hwang,z) Joong-Kyu Jeon,” and Gyu-Yong Kim""
l)Dep'[. of Architecture Engineering, Chungnam National University, Daejeon 305-742, Korea
IDivision of Building Works, Hyundai Amco, Seoul 140-846, Korea
Infrastructure Research Lab., R&BD Center, Kolon Global Corp., Yongin 449-815, Korea

ABSTRACT Concrete materials subjected to impact by high velocity projectiles exhibit responses that differ from those when they

are under static loading. Projectiles generate localized effects characterized by penetration of front, spalling of rear and perforation as

well as more widespread crack propagation. The magnitude of damage depends on a variety of factors such as material properties of

the projectile, impact velocity, the mass and geometry as well as the material properties of concrete specimen size and thickness,
reinforcement materials type and method of the concrete target. In this study, penetration depth of front, spalling thickness of rear and
effect of spalling suppression of concrete by fiber reinforcement was evaluated according to compressive strength of concrete. As a

result, it was similar to results of the modified NDRC formula and US ACE formula that the more compressive strength is increased,
the penetration depth of front is suppressed. On the other hand, the increase in compressive strength of concrete does not affect
spalling of rear suppression. Spalling of rear is controlled by the increase of flexural, tensile strength and deformation capacity.

Keywords : penetration of front, spalling of rear, impact resistance performance, high strength concrete,

the modified NDRC formula, US ACE formula
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Fig. 1 Performance of material and failure pattern by
impact time
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Table 1 Experimental plan

WEA As37Hs 8 A9 A71= 100x100%20,
30, 35, 40, 50 @ 70 mm(7}ExA| ZxFA)E BHglom, &
EAES A7 10mm, A% 4.07 g8 A5 ARESkO] oF
350 m/s8] HEE WAA FAANTA] 24519 23104
NEFTAADS AT

3} Jﬂy}éﬂioi ol Q—X% EX

e 573 AEAE, -
ZE 9 uAE Brkstglon, Uesq Yeow
FANG o) AEA BFY S T Y THAE
A, Al zlo], wiwnteFA 9 s aAEdES 3
7}sk3

22 A= ¥ 32 E gt

o] AFtoflA] Ag-st A5 =24
UERA viel o] 16 BE ZEAE A|UE
I, A= ZEtolol4, HeEvhE, 1EEY I W T
M5 ARESHGITE FEAlE AIFARE ARSI AL, A
A= HUAF 20 mme] FEAES ARSI T8
S0 A A= dol 30mm, 7S 1140 MPa
oL, %FAO}U]E@%E Zo] 30 mm, 1A% 594 MPa
o},
o] Aol AtgHE AT E HjghS Table 30 e}
Wl wle}l o] AAZ]E7E 50, 70, 90, 110, 130 2 150 MPa
of tisted 22+ W/B 45, 35, 25, 18, 15 4 12%=% A3}
At

XA L Table 29
EE AMSIS]
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2.3 EHBAZO| X BTy

Specimen condition Impact condition
Projectile .
. ) Size - ! Velocity Impact Properties
Reinforcement ID Diameter| Mass energy
(mm) (m/s)
(mm) (g )
Fu50
Fe70 = Mechanical properties
None Fu90 - compressive strength (MPa)
fiber Fu 110 WidthxHeight - ﬂexgral strength (MPa)
(100%x100) - tensile strength (MPa)
F«130 - . 2
s . 10 | 407 | 350 245 fracture energy (N - m/m’)
Fa150 Thickness = Impact resistance performance
(20, 30, 35 - penetration depth (mm)
FaS0SFO.5 40, 50, 70) - spalling thickness (mm)
Fiber Fa50SF1.0 - spalling area ratio (%)
reinforcement | F,50PA0.5 - comparison with estimate formula
F450PA1.0
M F4NO.: compressive strength, SF: steel fiber, PA: polyamide fiber
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Table 2 Properties of material

Material Properties
Cement Pf)rtland cement, lz)ensity: 3.15 g/cm3
Fineness: 3630 cm’/g
Fly ash |Density: 2.20 g/cm3, Fineness: 3228 cmz/g
Silcafume | Density: 2.22 g/cm3, Fineness: 200000 cmz/g
BFS Density: 2.90 g/cm3, Fineness: 6500 cmz/g
Anhydrite | Density: 2.90 g/em’, Fineness: 3550 cm’/g
Sand Density: 2.56 g/lem’, Absorptance: 0.97%
Gravel Crus}.led gravel, M3aximum size: 20 mm
Density: 2.65 g/cm”, Absorptance: 0.90%
Diameter: 0.5 m
Steel fiber | Length: 30 mm
Tensile strength: 1140 MPa, Density 7.85 g/em’
Polyamide | Diameter: 0.5 mm, Length: 30 mm
fiber Tensile strength: 594 MPa, Density: 1.14 g/cm3

Table 3 Mix properties of concrete

F. W/B| S/a Unit weight (kg/m’)

(%) |(%)| W | C | SF |BFS|FA |CaSO4 S | G
50 | 45 330 - | - | 37| - |776|989
70 | 35 | 45(165(401| 24 | - |47 | - |732]933
90 | 25 462 66 | - |132] - | 643|819
10| 18 | 42 583| 67 | - 183 - |570 822
130| 15 |39 [150|600|150(200| - | 50 | 472|787
150| 12 | 35 561|250 |314| 63 | 63 | 334 | 647
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Fig. 2 Loading apparatus

Fig. 3 Load-CMOD curve

20, 30, 35 , 40, 50 and 70mm
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Fig. 4 Specimen for impact test

Fig. 5 High velocity impact test machine
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Table 4 Failure grade and depth

(i) Penetration (i) Spalling (iii) Perforation

T: specimen thickness (mm)
t;: penetration depth (mm)
te: spalling thickness (mm)

Table 5 Results of mechanical properties

Compressive | Flexural | Tensile | Fracture
ID strength strength | strength | energy

(MPa) (MPa) | (MPa) |(N-m/m’)

F50 56.6 6.51 3.98 307.44
F70 73.57 10.86 5.62 331.58
F90 94.18 12.72 5.88 371.36
Fu110 121.6 11.25 5.50 459.81
F&130 138.3 11.55 491 479.61
F&150 153.7 10.86 5.69 497.96
Fu50SF0.5 51.50 8.45 4.98 7886.97
Fa50SF1.0 52.30 11.52 5.15 14641.56
FaS50PAO.5 55.40 6.18 3.95 3854.38
Fa50PA1.0 50.40 8.35 4.97 6907.52

Slump: 180+20 mm (F50)
Slump-flow: 600£50 mm (F70~F4150)
Air content: 4+1.5% (Fa50~F«90), 2£1% (Fecl10~F150)
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Table 6 Failure grade

oA o] A RO R Qdte] FANTFRY W
o7} AA F7Fske] 3000~15000 N - m/m*e] W2 FA

FgEe o 5 Uk

3.2 11& 20 OBt Thisg A&
Table 62 VEFTAAY F A 2D AFRAFH
of W Fy5ES Uehd Fog AgFRY Z2A8E

Thickness 20 30 35 40 50

(mm)

Fi50
Perforation Spalling Crack of rear Penetration Penetration

F&70
Perforation Spalling Crack of rear Penetration Penetration

F&90
Perforation Spalling Crack of rear Penetration Penetration

F&110
Perforation Spalling Crack of rear Penetration Penetration

F&130
Perforation Spalling Crack of rear Penetration Penetration

Fe150
Perforation Spalling Crack of rear Penetration Penetration

Fi50

SF0.5
Spalling Spalling Penetration Penetration Penetration

F&S0

SF1.0
Spalling Spalling Penetration Penetration Penetration

FaS0

PAO.5
Spalling Spalling Penetration Penetration Penetration

Fu50

PA1.0
Spalling Penetration Penetration Penetration Penetration
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Table 7 Penetration depth by compressive strength
(Thickness=50 mm)

Fu50 Fu70 Fu90 Fal110 | F4l30 | F«l50

10.59 9.08 8.88 7.74 6.61 6.22

Fig. 6 Penetration depth by compressive strength
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Fig. 7 Penetration depth by specimen thickness

Fig. 8 Spalling thickness by compressive strength
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Fig. 9 Limit spalling thickness by compressive strength

25
Projectile diameter : 10mm
20 Impact velocity : 350m/s |
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;15 A Tensile strength
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Fig. 10 Penetration depth by flexural and tensile strength
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Fig. 11 Spalling thickness by flexural and tensile strength

Fig. 12 Spalling thickness and area ratio by fracture energy
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