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Abstract

In this study, the ability of rubberized concrete to improve the impact performance of steel fiber
reinforced concrete (SFRC) bulletproof panel subjected to direct fire arm is investigated. The rubberized
concrete layer (RC) made by replacing fine aggregate at 50%, 75% and 100% by volume fractions is used to
replace parts of the thickness of the SFRC panel. The dimension of the panels is set at 400x400x30 mm. Two
types of test are carried out static test and impact test (using two types of bullets (9 mm. and 11 mm) with the
striking distance of 10 m). For single layer panels, two types of panels are tested: steel fiber reinforced
concrete (SFRC) and rubberized concrete (RC). For double layer panels, the RC layer is placed at the front
surface by partially replacing part of the SFRC layer at 5, 10 and 15 mm. It is expected that the flexibility and
softness of the RC layers will allow the RC layer to act as a cushion layer to absorb impact energies from the

bullet and cause less damage, reduce the acceleration, displacement and inertial force occurring to the panel.

Key Words: Bulletproof Panel, Direct Fire Weapon, Rubberized Concrete, Fiber Reinforced Concrete, Double

Layer Concrete Plate.
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@ P1 9.93 @ H2 9.65

@G1 9.03

\
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Paimepn B MM,

f 0,20

R 1.27
»

e 090
| E 298

L3 19,15

L6 29.69

51U 2.36 VUIANTEGUNINTFIU 9x19 WU, Parabellum

A1UNMUI89IU Commission Internationale Permanente Pour L'Epreuve Des Armes A Feu Portatives (C.I.P )

lasmuamasgIuvesd s uUnIZau 9x19 Y. Parabellum lasvuamanuauliunga lifu 235 MPa

g Qy A a A A VAo 9

(34,100 Uousaeas19tid) lulszmanimsnrugy C.LP azlimsnadoumssei 130% vesmntimual3
A o v ¥ < e & o .

ioauasassveed1d wonvnil esdninruguIATTILTUAUNSZqU (SAAMI  Sporting Arms and

Ammunition Mnf. Institute : SAAMI) $11UATATINAAIINAUYOINTZAU 9x19 WY, Parabellum 137 241.32

MPa (35,001 psi) agNILHU 9x19 WU. Parabellum +P 13 265.45 MPa (38,500 psi)
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q

A A

a 9 A < @ LA < ' Y
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15U (7.5-9.5 NFY)

M9 2.2 UszanFamueanszguilu 9x19 uu. Parabellum

Manufacturer Load Mass Velocity Energy Expansion Penetration PC TSC
Cor-Bon JHP 7.5 g (115 gr) 410 m/s 63017 14 mm 360 mm) 56 mL 631 mL
Gold Dot
Speer 8.0 g (124 gr) 400 m/s 640J 18 mm 337 mm 84 mL 616 mL
JHP
HydraShok
Federal 8.0 g (124 gr) 370 m/s 5607J 17 mm 340 mm 77 mL 734 mL
JHP +P+
Golden
Remington 9.5 g (147 gr) 300 m/s 43017 16 mm 370 mm 72 mL 544
Saber JHP
Winchester Silvertip 7.5 g (115 gr) 373 m/s 51917 18 mm 200 mm 54 mL 274 mL
Winchester WWB JHP 9.5 g (147 gr) 300 m/s 43017 15 mm 400 mm 69 mL 321
9.1 mm (0.36
Winchester FMJ 7.5 (115 gr) 352 m/s 462] 620 mm 41 mL 174 mL
in)
JEN+P trail 9.1 mm (0.36
Doubletap 9.5 g (147 gr) 346 m/s 5707 1,000 mm NA NA
defense in)

v K4 1
Expansion: vinaiduruguinaaiinieds (mnmsnaaevdiiagiasuiloie : Ballistic Gelatin).
Penetration: 528294 (Ballistic Gelatin).
PC: Y5115 TN599123 (Ballistic Gelatin, FBI Method).

TSC: Y3103 Tnsa lio113(Ballistic Gelatin).
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2,62 NIEAU .45 ACP [55]
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NI .45 ACP UAMNUUIA 1.62 HaAANT (25 grains ) VUUIAUDINTEGUAIUN 2.37

31U 2.37 vinanssquINAI§IY 45 ACP

u

awintsnu CLP ladmuanasgiuvesdmsunszgu 45 ACP lasmuaaianuau Aunga linu

Jd Qy A = a A 1A

130 MPa (19,000 ouanon1319iia) ludszmaniinsaiuan C.LP azlinsnagoumsoei 130% ¥o3a1h
1 Y

Avua MAieanuasassvesdly uenainil esdnsaruguinasgiutluiunszgu (SAAMI)  Mvua

TadnannuauueInszaU 45 ACP 1391 140 MPa (21,000 psi) tagnizgu .45 ACP +P 13 160 MPa

(23,000 psi)
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M1319% 2.3 sz anTamvenszquilu 45 ACP

Manufacturer Load Mass Velocity Energy Expansion Penetration PC TSC
HydraShok
Federal 15 g (230 gr) 260 m/s 5007 20 mm 300 mm 93.9 mL 465 mL
JHP
Golden
Remington 15 g (230 gr) 267 m/s 53017 19 mm 360 mm 103.6 mL 416 mL
Saber JHP
Cor-Bon JHP 12 g (185 gr) 350 m/s 7381 18 290 mm 71.3 mL 469 mL
Winchester Silvertip JHP 12 g (185 gr) 300 m/s 55717 20 300 mm 96.4 mL 495 mL
Winchester Ranger SXT 15 ¢ (230 gr) 270 m/s 56117 20 mm 330 mm 101.8 mL 416 mL
Remington FMJ 15 g (230 gr) 255 m/s 483 1] 11 mm 690 mm 70.3 mL 150 mL

' < A o A o o { A .. .
Expansion: Tu1ﬂlﬁuw1uﬁuﬂﬂﬁ1\1ﬂﬂﬂﬂﬁ3 (‘lﬂﬂfﬂi‘ﬂﬂﬁﬂﬂﬂ\?'}ﬁﬂﬁnﬁﬂ\nﬁﬂ!ﬁﬂ : Ballistic Gelatin).
Penetration: 2824 (Ballistic Gelatin).
PC: 151195 IW599177 (Ballistic Gelatin, FBI Method).

TSC: 15103 Tnga'lia175(Ballistic Gelatin).
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anuiF2Taiiiu 329 m/s (1080 fus + 30 fi/s) HALNIZAUULIA 380ACP TTWINTZEUMIIN 95 INTU
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320 2
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Y ] v
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< ' a 3 o
124 mﬁuuazﬁmmwﬂumu 1,175 ft/s LLﬁSﬂi%QHiH%UTﬂ 357 UUNUY LU Jacketed Soft Point
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UNN 3

IS UHUNUIVY

] o [l I ] 09/’ 09: { 1
MInagauLauAdunIaa0e1 luaullumsnaga luukuADUAT ALV LIRS AL TDITY NYIADIN
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Fuvesnouniandudule lvhuesuazaouniandudnes Tagluunivziiusiwazidoaveeginsol
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o 1 o ] A < a a 1
dadauwan JluuvuazsuHunagey Amanudeyanazimiizidoya ez ldesurede 11

U U

3.1 Jaga@uHannounsn
Tagnllumswanurunouniaiioldmadeou Usznovlide
s s I {
- Yusudalesauaudilsziani 1
- 0519 TugaannuazBeaing 2.3-3.2 (MUAZINTI #16 1Ay ANAZLNTI #50)
< 1 ' va o {
- {ingNINNTE0IAEINTDEUAIN VAL 6 AuaulAnwaaslua1IIen 3.1
9 s a3 a wva o ~
- dnlelwesmanatiaselats guauiaauaanisiei 3.2

S RETGRA LS VSTEY Superplasticizer Type FF

- 1(3’1 aee1a
{miNﬁ 3.1 ﬂmﬁuﬂ'ﬁmmgﬁﬂmwmﬂmag 6
Properties
Average Bulk Specific Gravity 0.87
Average Bulk Specific Gravity (SSD) 0.89
Average Apparent Specific Gravity 0.89
Average Absorption (%) 1.70
Tensile Strength (MPa) 15.64
%Elongation 324.90
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A wa s o
AT NN 3.2 ﬂmﬁhﬂ@ﬂl@ﬂﬂﬂm@imaﬂ

Materials Specific Shape Length Section Aspect Tensile Strength
Gravity (mm) (mm) Ratio (1/d) (N/mmz)
Steel 7.8 Hooked 35 Circle dia. 64 1000
End -0.55

o (% o (] A A 9 Y = 4 g’ g’
dmsudadiunaunouniafldlunisnadeulsznou lUdreyuFwud nsie 1 vazarsanii Tag
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9Jq IYa Y ) g‘ o [ v K 4 o o 1 o Y 1
ul’JGl‘ViW’JLL‘VN PIUHIUD  IAVUIN %ﬂ‘]Ju‘I/Iﬂll’J LLaZHWll‘iJ“VIﬂﬁ’E)‘]J gﬂgmmmmaﬂmmzmmumamq

nagouilulidauaasluasned 3.3 uag 3.4

v Y
A1319N 3.3 I1UIUAIDENADUNTALLUFUIAE

No. | Designation | Description | Material | Volume Fraction | Thickness (cm) No of
Specimen
1 Plain Single Layer Plain Concrete 3.0 6
2 SFRC 2% | Single Layer SFRC 2% 3.0 6
3 SFRC 3% | Single Layer SFRC 3% 3.0 6
4 SFRC 4% | Single Layer SFRC 4% 3.0 6
5 RBC50% Single Layer | Rubberized 50% of FA 3.0 6
6 RBC75% Single Layer | Rubberized 75% of FA 3.0 6
7 RBC100% | Single Layer | Rubberized 100% of FA 3.0 6
Total 42
= o v 1 = o
AT N 3.4 NUIUAIDYNNUNUADUNTALUY 2 YU
1 Layer (T1) 2" Layer (T2)
No. | Designation No. of Specimen
Mat. | % VF | Thick. (cm) | Mat. | % VF | Thick. (cm)
1 50R/2s Rub. 50 0.5 SFRC | 2% 2.5 6
2 75R/2s Rub. 75 0.5 SFRC | 2% 2.5 6
3 100R/2s Rub. 100 0.5 SFRC | 2% 2.5 6
4 A-75R/2s | Rub. 50 1.0 SFRC | 2% 2.0 6
5 B-75R/2s | Rub. 75 1.5 SFRC | 2% 1.5 6
6 50R/3s Rub. 50 0.5 SFRC | 3% 2.5 6
7 75R/3s Rub. 75 0.5 SFRC | 3% 2.5 6
8 100R/3s Rub. 100 0.5 SFRC | 3% 2.5 6
9 A-75R/3s | Rub. 50 1.0 SFRC | 3% 2.0 6
10 B-75R/3s | Rub. 75 1.5 SFRC | 3% 1.5 6
11 50R/4s Rub. 50 0.5 SFRC | 4% 2.5 6
12 75R/4s Rub. 75 0.5 SFRC | 4% 2.5 6
13 100R/4s Rub. 100 0.5 SFRC | 4% 2.5 6
Total 78
Rubberized Concrete -;1
Steel Fiber Reinforced Concrete * T:2
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3.3 mIsnaasay

3.3.1MINAFOULTINTZHULUAIN (Static Test)

33.1.1 gunsain1Flumsnageuisznonlidae

4 <
INT0INATOL Universal Testing Machine W%’amzumﬂu%’ay’a

o

FIUTBITUVUIA 35 x 35 HY

L&Y d' d' LY 1
Qﬂﬂim’mmimaaummmaﬂw (LVDT)

© O O

@ : Il J
WananagouzUaranasuaduRILgUINa1 10 cm

33.1.2 AEMINAAY

4
v 9 o

AouMINAdeY §IUTeITUHazINANAdeuLDUATINNavzgmi lAadudiinTesnaaen Universal
. . o oa/’ =KX o w 1 o Yy 1 A4 4

Testing Machine (UTM) Wa\ﬁ]'lﬂuuéﬂ\iu'lﬁﬁﬂ81\1llﬂ'l']\i‘ﬂllﬂ'lui@\ﬁﬂalﬁmﬁﬂuﬂﬂu@ﬂﬂﬂ’lﬂWHﬁ%ﬂﬁgu']ﬂ! 5
o a qaxl Ao " 9 1 £ ] = 1 Y v KR Y

%y U1 LVDT Ulﬂ@lﬂﬁ\?“l/lﬂnlﬂuﬁﬂ']ua'mﬂﬁﬂﬁ?ﬁﬂl@ﬂllﬂuﬂﬂuﬂi@] FEHINNITNATIUVDYAICHYNUUNNAIY

Data Acquisition 84gABNNUADS LEAAIRIZUN 17

Test Specimen

Support

Data Acquisition LvDT
System

= Y o Ay A
E‘]Jcﬂ 3.1 ﬂ']'i'i/lﬂﬁ@ﬂﬂ']flhlﬂui\iﬂﬁg‘ﬂ']ﬂ\‘]ﬂﬂ?flmﬁ'ﬂﬂ U™
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~ 9 1 1% v 1 o LY . =&

namsnageud Iaezegluglvesnsmanuduiusszrinausanseiazmi Ineda (Load-Deflection) 4
Y v

1315911 T A ImEsuuanin (Fracture Energy) 91nfiui 1dnsmserinamaauussdauasms

Tnsdvesnu Idasaumsaiuais (319 3.2)

Fracture Energy = j Fdé

Load (kN)
A

» Deflection (mm.)

Y

A A A 9 v o J v o v w [
?;]_I'V] 3.2 wunldnslvosnNuFuRUTTEHINMAITULTIAR Load (kN )

332 ﬂ"li‘ﬂﬂﬁ@ﬂlliﬁﬂﬁ%!tﬂﬂﬁ?ﬂﬂﬁzquﬂu
A A g ¥
3321  1pseelieuazginiainly
A 4 o g g . Hq v gy .
(a) 1PIDINDIANVUDYA (Data Acquisition System) nl¥lunisneansilitluved National
] = = d’ =} [ dal
Instrument 34 NI USB-6225 IﬂﬂﬂJﬁ”IEJE’IS;’L@EJ@‘U@QL?’I?@Q?J@@QU
- Up to 80 analog inputs at 16 bits, 250 kS/s
- Up to 4 analog outputs at 16 bits, 833 kS/s
- Up to 48 TTL/CMOS digital I/O lines (up to 32 hardware-timed at up to 1 MHz)

- Two 32-bit, 80 MHz counter/timers

gﬂﬁ 3.3 Data Acquisition System
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A A v W 1 A A Y \ Ag Y dyd
(b) 1A50IUBIADATUI (Accelerometer) AD 1ATBIATIVIATATUIIN IFTUMINARD I U
ag a y 1 o 1
uuutiie Twdann3n (Piezoelectric Accelerometer) 870 PBC 11 -350A14 Jan11134

Y [
lagaga £5000g 1w1in 17.9 niu Taeliguantaawdasluaisan 3.5

M13197 3.5 AaianiAveglnTel iaoaTus g

PERFORMANCE ENGLISH SI

Sensitivity(+ 15 %) 1.0 mV/g 0.102 mV/(m/s?)
Measurement Range + 5000 g pk +49,000 m/s? pk
Frequency Range(+ 10 %) 0.4 to 7500 Hz | 0.4 to 7500 Hz
Electrical Filter Cutoff Frequency(-10 %) >17.5kHz >17.5kHz [2]
Resonant Frequency =50 kHz > 50 kHz
Broadband Resolution(1 to 10,000 Hz) 0.02 g rms 0.20 m/s>rms  [1]
Non-Linearity S 1% S 1%

Transverse Sensitivity <5% <5% [3]

[ | < d? 9 @ 1 @ [l 2K o o 1 9
(c) FIUITONTUY Wulasunandsenouvual1ga umnuIea10819 1A598A9UA0819A 1Y
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310 3.4 grusessunldlumsnageoy

() nszguidu nszauiunldl 2 vua Ao vu1m 9 ww. Luger FMJ U939 Winchester
9 v
Wminianszgu 7.45 n¥u (115 Grains) AMMEIAUYTZIN 362 m/s (5199 3.6)
Y
wagnszguuYLIa 11 WU, (0.45 ACP 09 Remington) 1141NHINTZGU 14.9 N5

(230 Grains) mmﬁaﬁ’uﬂizmm 254 m/s (@]'l'i'l\‘]ﬁ 3.7)
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M137199 3.6 AUAVTAVDINTZGUVLIA 9 Y.

Technical Information

Manufacturer Winchester

Caliber 9mm Lugar

Bullet Weight 115 grains (7.45 grams)

Bullet Style Full Metal Jacket

Case Type Brass

Ballistics Information

Muzzle Velocity 1190 fps 362 m/s

Muzzle Energy 362 ft.lbs. 492 N.m

Note: 1grian =0.064798911¢g

M137199 3.7 QUaUIAVBINTEUILIA 11 U,

] ] @R1 1219
Technical Information BE1 1016
. @ P1 12,09 @ H2 12,01
Manufacturer Remington @61 1148
Load FMJ \
Caliber 0.45 ACP - deta zs‘oo\l
Bullet Weight 230 grains (15 grams) R
beta
Bullet Style Full Metal Jacket '{'Oi ]
f 0,38
Case Type Rimless, straight R124 "
.. . e 089
Ballistic Information N E an
o - L3 22,81
Velocity 255 m/s 835 ft/s s
Energy 483 ] 356 ftlb
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] v 1 a v 1 o v ! o v
LLN“L!?‘IE’)‘L!ﬂdﬁﬁ@’JE’JEJNﬂzgﬂ@ﬂﬁlﬂ@ﬂﬂimﬁﬂﬂﬂﬂ!iﬂ (Accelerometer-capacity 5000g) 31UIU 2 A1 ﬁmtmm
& o ' P v & e a o ¢ o 0 a 9
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UN 4

NanN1538

4.1 wamﬁ‘nﬂaamasanszgmné’aﬂnnquﬂu (Impact Loading-Bullet Test)

U

411 3dupumsI
= :I’ =)
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Perforation \

\ Perforation

+ Spalling
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Spalling crack
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M99 4.1 vnadurRuAUInaNveITosly Nz Yo HUNATD L

9 mm 11 mm
Type idurugudnansd i (mm) @urugudnalsdIumii (mm)
i 16 | udufise | ukudi 3/6 | ave (mm) | usudi 4/6 | uduiisse | ukudi 6/6 | ave, (mm)
Plain

SFRC2% 44 33 44 40.33 36 40 39 38.33
SFRC3% 43 48 37 42.67 40 37 37 38.00
SFRC4% 39 30 33 34.00 37 32 34 34.33
RBC50% 56 45 41 47.33 48 52 45 48.33
RBC75% 42 40 41 41.00 42 43 51 45.33
RBC100% 31 44 44 39.67 44 47 30 40.33
50R2S 87 58 60 68.33 69 74 77 73.33
50R3S 74 48 58 60.00 68 54 63 61.67
50R4S 54 48 46 49.33 51 62 46 53.00
T5R2S 49 53 55 52.33 54 53 55 54.00
75R3S 54 41 54 49.67 60 54 47 53.67
75R4S 48 52 50 50.00 52 53 54 53.00
100R2S 51 47 64 54.00 46 44 46 45.33
100R3S 52 47 45 48.00 46 47 55 49.33
100R4S 44 43 48 45.00 46 44 47 45.67
A-75R2S 48 50 50 49.33 50 48 53 50.33
B-75R2S 95 100 87 94.00 95 98 99 97.33
A-75R3S 61 63 77 67.00 86 75 77 79.33
B-75R3S 88 63 82 77.67 98 22 100 73.33
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58



[ 1 I~ QSJ} 09/’ 09/’ { 091’
TagwanInaaoInu NUAUADUNS ARaNdU lor AN MUV RIS A0 IFUNUANUHUIVD AT
< 1 Aa <3N [ @ A wad
ADUNIANAUIIAGTS 1AL 5 Uy NAIUNIATTINIIAINTIZAUNTZAUYDINTENTWNA 11N TaensItan
a d?l [} A 9 9 = A 9 [ le ! A
navuazed IuglveInsnssmzeonNA UM LAY 19 IMINTLINIZDDNNATUNAY (AU IUN

1 [l o AYY 1 Y 9
ﬂ§$!ﬂ1$ﬂ@ﬂu11uﬂq@@@ﬂﬂTﬂllwuﬂﬂﬁﬂﬂ) ﬂ\j‘ﬂhlﬂﬂa'lau']uajﬂluﬁ@u@u

1 ] < oa/j { 0911 <3 {

A luUnTAVDINUADUNTANTUINALILUY 2 FUNTANVHUIVDIFUABUNIANTUTIASIN 10 tag 15
= a vAa 1 ] ] ] dd‘ =t ]

vy BgduuumsiauuusaunaussiImsnqgiusaziun linegry Tunsdiin liimsneqriu
=Y d‘ [} Y [ ] [ a ld'a 9 1 d' ~ 1 d' a
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M3190 4.2 wamanfFeumeugduuumsianunas g Iuvenszns N Tny

9 mm 11 mm
Type Failure Type Classification Failure Type Classification
R25 Perforation not pass Perforation not pass
R50 Perforation not pass Perforation not pass
R75 Perforation not pass Perforation not pass
S2 Scabbing pass Scabbing pass
S3 Scabbing pass Scabbing pass
S4 Scabbing pass Scabbing pass
R50/52 Scabbing pass Scabbing pass
R75/S2 Scabbing + Spalling pass Scabbing + Spalling pass
R100/S2 Scabbing + Spalling pass Scabbing + Spalling pass
R50/S3 Scabbing pass Scabbing pass
R75/S3 Scabbing pass Scabbing pass
R100/S3 Scabbing + Spalling pass Scabbing pass
R50/54 Scabbing + Spalling pass Scabbing pass
R75/54 Scabbing pass Scabbing pass
R100/S4 Scabbing pass Scabbing pass
A-R75/S2 | Scabbing + Spalling pass Scabbing + Perforation not pass
B-R75/S2 | Scabbing + Spalling pass Scabbing + Perforation not pass
A-R75/S3 | Scabbing + Perforation not pass Scabbing + Perforation not pass
B-R75/S3 Scabbing + Perforation not pass Scabbing + Perforation not pass
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Type | Weight | Density | %Weight Acceleration Acceleration per

(kg) (kg/ma) Reduction (m/sz) Weight Ratio
9 mm 11mm | 9mm | 11 mm
S2 11.52 | 2,399.06 0 1068.39 | 1013.64 | 92.78 88.02
S3 11.68 | 2,434.36 0 1037.84 | 1000.25 | 88.82 85.60
S4 11.57 | 2,410.56 0 964.53 | 944.40 | 83.36 81.62
R50/S2 11.18 | 2,328.80 2.93 894.01 | 741.84 | 79.98 66.36
R75/S2 11.14 | 2,320.75 3.26 864.41 | 738.45 | 77.60 66.29
R100/S2 | 11.15 | 2,322.51 3.19 822.99 | 723.05 | 73.82 64.86
R50/S3 11.30 | 2,354.62 3.28 850.06 | 711.53 | 75.21 62.96
R75/S3 11.16 | 2,324.77 4.50 80291 | 678.74 | 71.95 60.82
R100/S3 | 11.02 | 2,294.92 5.73 763.51 | 633.45 | 69.31 57.50
R50/S4 11.16 | 2,325.09 3.55 712.943 | 671.66 | 63.88 60.18
R75/84 10.95 | 2,281.23 5.36 684.019 | 634.75 | 62.47 57.97
R100/S4 | 10.74 | 2,237.37 7.18 671.90 | 587.73 | 62.56 54.73
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75R4S(1.5) 876.09 30.61 28.618
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u(t) = ff; it (t)de

I S
fauNn U(t) is the acceleration at any time t

U(t) is the displacement at any time t
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Avg. Center D/W ratio
Type Displacement | % Difference | Disp. per weight
(mm) (mm/kg)
S2 0.46 - 0.040
S3 0.44 - 0.038
S4 0.42 - 0.036
R50/S2 0.35 2391 0.031
R75/S2 0.28 39.13 0.025
R100/S2 0.25 45.65 0.022
R50/S3 0.39 11.29 0.035
R75/S3 0.37 17.38 0.033
R100/S3 0.32 28.44 0.029
R50/S4 0.37 10.84 0.033
R75/S4 0.33 20.48 0.030
R100/S4 0.28 33.49 0.026
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Sample Maximum Percentage
Type Bending Load | Difference
(kN) (%)

SFRC2% 14.63 100%
50R/S2% 14.51 99%
75R/S2% 14.57 99%
100R/S2% 9.44 64%
SFRC3% 16.58 100%
50R/S3% 14.81 89%
75R/S3% 14.39 87%
100R/S3% 12.21 74%
SFRC4% 18.84 100%
50R/S4% 16.84 89%
75R/S4% 15.83 84%
100R/S4% 14.35 76%
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Sample Maximum Percentage
Type Bending Load (kN) Difference(%)
SFRC2% 14.63 100.0%
75R/S2% (0.5) 14.57 99.5%
75R/S2% (1.0) 12.48 85.3%
75R/S2% (1.5) 11.31 77.3%
SFRC3% 16.58 100.0%
75R/S3% (0.5) 14.39 86.8%
75R/S3% (1.0) 13.21 79.7%
75R/S3% (1.5) 11.91 71.8%
SFRC4% 18.84 100.0%
75R/S4% (0.5) 15.83 84.0%
75R/S4% (1.0) 13.57 72.0%
75R/S4% (1.5) 11.91 63.2%
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HIGHLIGHTS

» This study proposes the use of double layer bulletproof concrete panel consisting of layers of soft and hard material.
» The soft layer is intended for absorbing impact energy, reducing acceleration and displacement occurred to the plate.
» The soft layer is made of rubberized concrete produced by mixing crumb rubber particle from wasted tires.
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In this study, the ability of rubberized concrete to improve the impact performance of steel fiber rein-
forced concrete (SFRC) bulletproof panel subjected to direct fire arm is investigated. The rubberized con-
crete layer (RC) made by replacing fine aggregate at 50%, 75% and 100% by volume fractions is used to
replace parts of the thickness of the SFRC panel. The dimensions of the panels are 400 x 400 x 30 mm,

the bullet type is 9 mm, and the striking distance is 10 m. For single layer panels, two types of panels

Keywords:

Bulletproof panel

Direct fire weapon
Rubberized concrete

Fiber reinforced concrete
Double layer concrete plate

are tested: steel fiber reinforced concrete (SFRC) and rubberized concrete (RC). For double layer panels,
the RC layer is placed at the front surface by partially replacing part of the SFRC layer at 5, 10 and
15 mm. It is expected that the flexibility and softness of the RC layers will allow the RC layer to act as
a cushion layer to absorb the impact energy from the bullet and cause less damage, delay the responding
time and reduce the acceleration occurring to the panel.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Terrorist attack has become a serious threat worldwide. In Thai-
land, terrorist attacks occur more frequently especially in the
southern parts of the country. When a certain area is under at-
tacked, a perimeter control is usually established and enforced.
Such perimeter controls include providing access control, diverting
traffic movement, or establishing guard posts. Typical guard posts
in Thailand are often nonpermanent structures (Fig. 1). Some are
constructed of timber or wooden panels and some are constructed
of sand bags. In term of bullet resistance, the timber or bamboo
structures provide none or little protection to the personnel inside
the structure. The sand bag structures, on the other hand, if prop-
erly constructed, offer high protection. However, there are some
disadvantages on the use of sand bags such as, heavy weight (slow
installation), easy to disintegrate (sensitive to moisture and UV),
and need a replacement once it has been punctured. In the situa-

* Corresponding author. Tel.: +66 89 794 9241; fax: +66 2 587 4337.
E-mail addresses: piti.kmutnb@gmail.com, piti_sk@hotmail.com, piti@kmutn-
b.ac.th (P. Sukontasukkul).

0950-0618/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.conbuildmat.2012.12.068

tion where military units are required to move into the area and
quickly construct a bunker or guard post, the weight of the sand
bags could become a factor to slowing them down.

In this study, a bullet proof concrete panel with the thickness of
about 30 mm made from layers of steel fiber reinforced concrete
and rubberized concrete is proposed. The panel is expected to re-
place wooden structure and constructed with or without sand bags
surrounding them. It must also be able to sustain Class 3A fire
weapon (handguns) according to the Thailand Department of De-
fense standard for bullet proof panel or shield [1].

In general, plain concrete is a quasi-brittle material, when sub-
jected to an impact loading (or high rate of loading), it usually frac-
tures catastrophically [2-4]. This causes pieces of broken concrete
to take off in all directions. In order to improve concrete brittleness
and impact resistance, small fibers are mixed uniformly into con-
crete mixture (fiber reinforced concrete, FRC). With the ability of
fibers to bridge across the cracks, the impact resistance of FRC is
much more superior to that of plain concrete [4-7].

Although FRC offers excellent impact resisting property to the
bullet proof panel, there are some properties that can be improved,
for example, reducing weight and decreasing bullet ricocheting.
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Fig. 1. Examples of temporary military guard post or bunker (http://www.bloggang.com/mainblog.php?id=jbunny&month=09-01-2008&group=21&gblog=9).

This study proposes on the use of rubberized concrete layer to
partially replace parts of the SFRC thickness. The rubberized
concrete is known for producing lightweight concrete, increasing
energy absorption under static [8-12], dissipating impact energy
[13-14], and reducing catastrophic failure. It is expected, by
replacing part of the SFRC thickness with lighter and highly elastic
material such as rubberized concrete, that the weight of the panel
can be reduced and the rubberized concrete layer will also act as a
cushion layer to dissipate impact energy from the bullet, allowing
less energy to act on the panel, and causing less damage (acceler-
ation and deformation) to the panels.

2. Experimental procedure
2.1. Materials

e Type I Portland cement.
e River sand.

e Hooked end steel fiber (Table 1).

e Crumb rubber passing sieve No. 6 (Table 2).

2.2. Specimen preparation

For all specimens, the concrete is mixed in a pan mixer, poured into the
mold and vibrated on a vibrating table. After 24 h, the specimens are demolded
and cured in water for 28 days. Three types of specimen with dimensions of
400 x 400 x 30 mm are prepared (Table 3):

o Single layer SFRC plate: for this specimen, hooked end fibers are mixed with con-
crete at 2%, 3% and 4% by volume fractions.

o Single layer CRC plate: for this specimen, fine aggregate is replaced partially with
crumb rubber at 50%, 75% and 100% by volume fractions.

e Double layer SFRC + CRC plate; for this specimen, the thickness divided into two
layers. The top layer is made of CRC with the thickness varied from 5 to 15 mm.
The bottom layer is made of SFRC with the thickness varied from 15 to 25 mm
(Table 3).

Table 1
Fiber properties.

Mat. SG  Shape L Section Aspect Tensile strength
(mm) (mm) ratio (I/d)  (N/mm?)
Steel 7.8 Hooked 35 Circle dia. 64 1000
end -0.55
Table 2

Properties of crumb rubber and fine aggregate.

Categories Crumb rubber Fine aggregate
Average bulk specific gravity 0.96 243
Average bulk specific gravity (SSD) 0.97 2.47
Average apparent specific gravity 0.97 2.55
Average absorption (%) 0.92 2.04
Finess modulus 4.93 2.90

2.3. Testing

The specimen is placed on the support anvil with four sides secured by a steel
frame to provide simple support along the edges as shown in Fig. 2. Two accelerom-
eters are attached at the quarter and at the center location of the back surface to
measure the accelerations during the impact. Each specimen is shot by a 9 mm bul-
let at a distance of 10 m (bullet dimensions and specification given in Table 4). The
acceleration is measured and recorded using a computer based data acquisition
system.

As a requirement for the class 3 bullet proof shield, in order for the shield to
pass the requirement, it must be able to sustain two types of handgun bullets:
9mm and 11 mm. The term ‘sustain’ means that the bullet must not penetrate
through the thickness of the shield (no perforation failure). In all cases, three sam-
ples from each panel type are tested, if just one of the three samples does not pass
the requirement, the panel is considered “not pass”. It must be noted here also that
due to some technical issues, the results from the 11 mm bullet test cannot be re-
ported in this manuscript.

2.4. Data analysis
Using the obtained acceleration data, the velocity and the displacement at any

time and at the location of the accelerometer can be calculated using the following
equations [5,6]:

u(t) = /0 ii(t) dt )

u(t) = //0[ ii(t)dt )

where ii(t) is the acceleration at any time t; 1(t) is the velocity at any time t; and u(t)
is the displacement at any time t.

Table 3
Casting details.
Type Thickness (mm) Material No. of spec.
t1 t2 t1 2
R25 - 30 50%RC - 3
R50 - 30 75%RC - 3
R75 - 30 100%RC - 3
S2 - 30 2%SFRC - 3
S3 - 30 3%SFRC - 3
S4 - 30 4%SFRC - 3
R50/S2 5 25 50%RC 2%SFRC 3
R75/S2 5 25 75%RC 2%SFRC 3
R100/S2 5 25 100%RC 2%SFRC 3
R50/S3 5 25 50%RC 3%SFRC 3
R75/S3 5 25 75%RC 3%SFRC 3
R100/S3 5 25 100%RC 3%SFRC 3
R50/S4 5 25 50%RC 4%SFRC 3
R75/S4 5 25 75%RC 4%SFRC 3
R100/S4 5 25 100%RC 4%SFRC 3
R75/S2A 10 20 75%RC 3%SFRC 3
R75/S2B 15 15 75%RC 3%SFRC 3
R75/S3A 10 20 75%RC 3%SFRC 3
R75/S3B 15 15 75%RC 3%SFRC 3
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Fig. 2. Specimen setup.

Table 4
Bullet specification.
Technical information: 9.00
Caliber 9 mm lugar
Bullet weight 115 grains (7.45 g)
Bullet style Full metal jacket
Case type Brass

Ballistics information:
Muzzle velocity 1190 fps
Muzzle energy 362 ft.bs.

362 m/s
492Nm

29,25

19,31

9,65

Note: 1 grain = 0.064798911 g.

3. Results and discussion
3.1. Panel weight

As one of the objective of this study, part of the SFRC thickness
is replaced by the rubberized concrete layer in order to reduce the
weight of the panel. The average weight and density of each panel
type are shown in Table 5.

The SFRC has average density of about 2400 kg/m? and each
plate weights around 11.5-11.6 kg. For the rubberized concrete
plate, depending on the rubber content, the density starts from
1634 to 1948 kg/m> and each plate weights around 7.85-9.35 kg.
As for the double layer panel, the average weight is slightly lower
than the SFRC plates’ weight due to the replacing of top layer with

rubberized concrete (about 3-14% lower, Table 5). Each plate
weights from 10 to 11.3 kg. The percentage of reduction varies
according to the percentage of crumb rubber in the rubberized
concrete layer.

3.2. Failure patterns and contact zones

Failure patterns found in this study are strongly influenced by
the type of specimen. Typically, five failure patterns are found:
flexural cracking, scabbing, spalling, penetrating, and perforation.
Mixed mode failure is also found in some cases. Summary is given
in Table 6.

For single layer plain concrete panels, the typical failure mode
at the front surface is scabbing and at the back surface is spalling,
and flexural cracks are also found all over the place. It is these flex-
ural cracks that lead to a complete fracture of the specimen (Fig. 3).
The existing of the flexural cracks indicates the brittleness of plain
concrete and its unsuitability to be used for a bullet shield.

For SFRC single layer panels, the typical failure modes are scab-
bing at the front surface and spalling at the back surface (Fig. 4a).
There is no sign of flexural cracks, and in all cases, the bullet does
not penetrate through the panel. Although the spalling is found at
the back surface, it is not a complete spalling as the broken piece
remains partially intact and clinging on by steel fibers. These phe-
nomena indicate the ability of fibers to bridge across the cracks and
to enhance the impact resistance of concrete. The diameters of the
scabbing at the impact point are found to be around 34-48 mm
(Fig. 4b).

For the rubberized concrete panels, because of its low strength,
the bullets are able to penetrate through panel’s thickness and cre-
ate the perforation failure type (Fig. 5). There are evidences of
spalling together in the perforation at the back surface. The impact
points have a diameter around 27-56 mm. They appear to decrease
with the increasing rubber content. Because of the perforation, the
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Table 5
Average weight and density.

Type Weight (kg) Density (kg/m?) %Weight reduction
R25 9.35 1948.44 -
R50 8.53 1776.84 -
R75 7.85 1634.62 -

S2 11.52 2399.06 -

S3 11.68 2434.36 -

S4 11.57 2410.56 -
R50/S2 11.18 2328.80 2.93
R75/S2 11.14 2320.75 3.26
R100/S2 11.15 2322.51 3.19
R50/S3 11.30 2354.62 3.28
R75/S3 11.16 2324.77 4.50
R100/S3 11.02 2294.92 5.73
R50/S4 11.16 2325.09 3.55
R75/S4 10.95 2281.23 5.36
R100/S4 10.74 2237.37 7.18
R75/S2A 10.50 2187.87 8.80
R75/S2B 10.02 2087.95 12.97
R75/S3A 10.63 2215.19 9.00
R75/S3B 10.03 2089.88 14.15

rubberized concrete does not pass the requirement for the bullet
proof shield.

For the double layer concrete panels, three different failure pat-
terns are observed.

e Type I: scabbing at the front surface and spalling at the back
surface. This pattern is similar to the single layer SFRC plates
as described before. There is no flexural crack and the spalling
is also not a complete spalling. The bullet does not penetrate
through the thickness of the plate (Fig. 6a). All plates with the
thickness of rubberized concrete layer of 5 mm fail in this man-
ner. The impact point look like a crater with the bursting out of
the rubberized concrete layer forms outer radius while the SFRC
surface is exposed inside the circle (Fig. 6b). Similar those single
layer RC panels, the diameter of the contact zone decrease with
the increasing rubber content due to the elastic properties of
the rubberized concrete.

e Type II: the bullet stops at the front surface. For this type, the
bullet is found the stop completely at the front surface of the
panel, there is no perforation and ricocheting. This type of fail-
ure is an ideal for the bullet proof panel. It is found mostly in the
panels with rubberized concrete layer thickness of 10 and
15 mm. With thicker rubberized concrete layer, the impact

energy of the bullet is dissipated entirely and causes the bullet
to stop there (Fig. 6¢). However, not all of these panels fail in
this manner, this is because the layer of the SFRC is quite thin
for this type of specimen and in some cases, cause the speci-
mens fail in type Il which is the undesirable one.

e Type III: perforation. This type is found mostly in the panels
with rubberized concrete thickness of 10 and 15 mm. As men-
tioned before that the increasing thickness of rubberized con-
crete increases the possibility of a bullet to stop at the front
surface. However, the increasing thickness of rubberized con-
crete also means the decreasing thickness of SFRC as well. As
the SFRC thickness decreases, the efficiency of the whole panel
also decreases and the bullet is able to penetrate through the
thickness (Fig. 6d). This type of failure is also found in the dou-
ble layer plates with 3%SFRC base more than those with 2%SFRC
base. The reason could be the difficulty to obtain uniform distri-
bution of fiber when casting in such a thin layer with high vol-
ume of fiber content.

3.3. Plate’s acceleration

Acceleration is one of the important data in impact testing be-
cause it can be used for calculating velocities and displacements
(as shown in Egs. (1) and (2)).

A typical acceleration response (acceleration vs. time) along the
span of a single layer concrete plate subjected is shown in Fig. 7. It
could be seen that the response is much more localized and con-
fined in the middle of the plate. As the bullet comes into contact
with the plate, the center-acceleration increases rapidly while
the side-acceleration remains unresponsive. After the center-
acceleration reaches its peak and begins to decelerate, then the
side-acceleration begins to increase. This is because the size of
the bullet which is quite small as compared to the plate dimension.

For the double layer plates, the typical acceleration vs. time re-
sponse is as shown in Fig. 8. Similar to the cases of single layer
plates, the response of the plate is found to confine the center of
the plate where the contact occurs. However, there are a few indi-
cators that show the ability of rubberized concrete layer to dissi-
pate the impact energy from the bullet, such as the differences in
the responding time and the acceleration values at the peak.

o For the responding time, the acceleration data from the begin-
ning of the impact event (0.017 ps) are plotted and compared
in Fig. 9. It could be seen that at the same period of time, the

Table 6
Failure modes summary.
Type Failure type Diameter (mm) Classification Remarks
R25 Perforation 56.00 Not pass
R50 Perforation 45.00 Not pass
R75 Perforation 27.00 Not pass
S2 Scabbing and spalling 42.67 Pass
S3 Scabbing and spalling 48.33 Pass
S4 Scabbing and spalling 34.00 Pass
R50/S2 Scabbing and spalling 68.33 Pass
R75/S2 Scabbing and spalling 60.00 Pass
R100/S2 Scabbing and spalling 49.33 Pass
R50/S3 Scabbing and spalling 52.33 Pass
R75/S3 Scabbing and spalling 49.67 Pass
R100/S3 Scabbing and spalling 50.00 Pass
R50/S4 Scabbing and spalling 54.00 Pass
R75/S4 Scabbing and spalling 48.00 Pass
R100/S4 Scabbing and spalling 45.00 Pass
R75/S2A Mixed type 49.33 Pass Mixed between scabbing and bullet stop
R75/S2B Mixed type 94.00 Pass
R75/S3A Perforation 67.00 Not pass Mixed between scabbing and perforation
R75/S3B Perforation 77.67 Not pass




P. Sukontasukkul et al./Construction and Building Materials 41 (2013) 801-811 805

Flexural
Cracks

Scabbing Spalling: Broken

pieces completely

flying out
(Front) (Back)
Fig. 3. Failure patterns of single layer plain concrete panel.
Scabbin ’
9 Spalling:
broken pieces
remain intact
Front Back

(a) Failure Patterns

Front Back
(b) Scabbing and Spalling

Fig. 4. Failure patterns and impact point of single layer SFRC concrete panel. (a) Failure patterns. (b) Scabbing and spalling.
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Back

(a) Failure Patterns
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(b) Perforation at Impact Point

Fig. 5. Failure patterns and impact points of single layer rubberized concrete panel. (a) Failure patterns. (b) Perforation at impact point.

acceleration of the double layer plate is much smaller than that
of the single layer plate. This indicates that the double layer
plate is responding to the impact load at slower rate. The delay-
ing also exhibits the ability of rubberized concrete layer to dis-
sipate impact energy and slow down the responding time.

In the case of peak acceleration, all of the double layer plates
exhibit smaller values of peak acceleration than those of the
single layer plates with the same fiber content (Figs. 9 and
10). The decreasing peak acceleration shows the effectiveness
of rubberized concrete in dissipating impact energy and reduc-
ing the acceleration of the plate.

As for the effect to fiber content (on the SFRC layer), the
acceleration is found to decrease with the increasing fiber content
similar to those of single layer SFRC. The acceleration is decreased
due to the increasing stiffness of the plate with increasing fiber
content.

3.4. Displacement

Using Eq. (2), the center displacement of the plates at the peak
acceleration can be determined as shown in Table 7. The compar-
isons between each type of plate are also given in Fig. 11. Overall,
the displacements at the peak acceleration of all the panels are
smaller than 0.50 mm. For the SFRC single layer plates, the dis-
placements are in the range of 0.415-0.460 mm. The displacement
is found to confine in the center of the plate and to decrease with
the increasing fiber content (Fig. 11a).

In the case of double layer plates, the comparisons are made
with the single layer plate with the same fiber content and the re-
sults are demonstrated in Fig. 11b-d. In all cases, the displace-
ments of double layer plates are smaller than those of single
layer plates. Smaller displacement indicates the ability of rubber-
ized concrete layer to absorb impact energy and allow less force
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Spalling crack with
broken pieces
remain intact

Penetration
& Scabbing

Front Back
(a) Failure Patterns

Front Back
(b) Type | Impact Point (Crater)

(c) Type Il Impact Point (Bulletstop at the front surface)

(d) Type Il Impact Point (Bullet penetrate through)

Fig. 6. Failure patterns and impact points of double layer rubberized/SFRC panels. (a) Failure patterns. (b) Type I impact point (crater). (c) Type Il impact point (bullet stop at
the front surface). (d) Type IIl impact point (bullet penetrate through).
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Fig. 7. Acceleration vs. time response of single layer 2%SFRC plate subjected to 9 mm bullet.

Fig. 8. Acceleration vs. time response of double layer plate subjected to 9 mm bullet.
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Fig. 9. Comparison between single and double layer plate (9 mm).
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Fig. 10. Average peak acceleration (9 mm bullet).
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Table 7
Center displacement at peak acceleration.

Type Avg. center % Difference D/W Ratio disp.
displacement (mm) per weight (mm/kg)

R25 - - -

R50 - - -

R75 - - -

S2 0.46 - 0.040

S3 0.44 - 0.038

S4 0.42 - 0.036

R50/S2 0.35 2391 0.031

R75/S2 0.28 39.13 0.025

R100/S2 0.25 45.65 0.022

R50/S3 0.39 11.29 0.035

R75/S3 0.37 17.38 0.033

R100/S3 0.32 28.44 0.029

R50/S4 0.37 10.84 0.033

R75/S4 0.33 20.48 0.030

R100/S4 0.28 33.49 0.026

to act on the plate which leads to the reduction of displacement.
The percentages of reduction are ranged from 11% to 45%. The dis-
placement is also found to decrease with the increasing rubber
content in the rubberized concrete layer. In term of displacement
allowable per weight (D/W ratio), all double layer plates exhibit
less D/W ratio than that of SFRC plates. The R100/S2 offers the best
ratio at 0.022 mm/kg (Table 7).

The content of the fiber in the SFRC layer also influences the dis-
placement of the plate during the impact. It is observed that the
displacement decreases with the increasing fiber content in the
SFRC layer similar to those single layer SFRC plate. The lower
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displacement is due to the decreasing acceleration and increasing
stiffness of the plate with higher SFRC content.

4. Conclusion

This manuscript describes parts of results of the experimental
series on impact resistance of multilayer plate subjected to direct
fire weapons (9 mm bullet type). It is shown here that a combina-
tion of soft and hard material can be used to sustain impact force.
The role of the soft layer (rubberized concrete) is to act as a cushion
layer to absorb parts of the energy and allow less impact force to
reach the hard layer (SFRC). This results in the delay the respond-
ing time at the beginning of impact event, the decrease in peak
acceleration and the lower center displacement.
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Abstract In this study, the impact resistance of
double-layer concrete panels made of rubberized and
steel fiber reinforced concrete subjected to direct
fire weapon (11 mm or 0.45 magnum bullet size) is
investigated. Concrete panels with dimensions of 400
x 400 x 50 mm are subjected to impact forces from
11 mm-diameter bullets at a distance of 10 m. Three
types of concrete panels are tested: single-layer steel
fiber reinforced concrete (SFRC), single-layer crumb
rubber concrete (CRC), and double-layer CRC/SFRC.
For a double-layer CRC/SFRC, the CRC layer of
12.5 mm is added to the front surface by partially
replacing part of the SFRC panel. The CRC layer is
expected to act as a cushion layer to absorb impact
energy from the bullet and to reduce damage to the
concrete panel.
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1 Introduction

Terrorism is currently the biggest and number one
security threat worldwide. In Thailand, terrorist
attacks occur more frequently in the southern part of
the country. Most threats are in the form of fire weapon
attacking or bombing. It becomes essential to develop
structures or structural elements that can resist those
threats and provide safety for people or personnel
inside the buildings.

In Thailand, most buildings are constructed using
timber, masonry bricks, or reinforced concrete. Under
impact loading from gunfire, timber is the least
effective among them. Concrete is able to provide
better impact resistance than timber, but since con-
crete is a quasi-brittle material it usually fractures
catastrophically into small pieces. These broken
pieces are often turned into flying hazardous debris
which travels at high velocity and in random direc-
tions. The flying debris can cause casualties or
property damage.

In order to make people inside the buildings feel
safe and prevent the secondary damage to occur
(flying hazardous debris or bullet ricocheting), the
bullet proof concrete panels must not only prevent a
bullet from penetrating through, it must also maintain
its integrity to keep the flying hazardous debris to
minimum. One method to improve concrete brittleness
and increase impact resistance is to add small fibers
into concrete mixture fiber reinforced concrete (FRC).
Fibers can be found in various kinds of materials such
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Table 1 Fiber properties

Mat. SG Shape L (mm)

Section (mm)

Aspect ratio (//d) Tensile strength (N/mm?)

Steel 7.8 Hooked end 35

Circle dia. —0.55 64 1,000

Table 2 Properties of crumb rubber and fine aggregate

Table 3 Casting details

Categories Crumb Fine
rubber aggregate

Average bulk specific gravity 0.96 2.43
Average bulk specific gravity 0.97 2.47

(SSD)
Average apparent specific 0.97 2.55

gravity
Average absorption (%) 0.92 2.04
Fineness modulus 4.93 2.9
Average size 2.8 mm 0.6-1.2 mm

as steel, carbon, polypropylene, etc. With the ability of
fibers to bridge across the cracks, the impact resistance
of FRC has been proved to be much superior to that of
plain concrete [1-5].

However, despite its superior impact resistance,
FRC plates seem to have a problem with the
ricocheting of the bullet when subjected to gunfire
due to its hard surface. Therefore, in this study, instead
of using single layer steel fiber reinforced concrete
(SFRC), a double layer panel system made from layers
of SFRC and rubberized concrete is proposed. The
double layer bulletproof concrete panel is constructed
by replacing front part of the SFRC panel with a layer
of rubberized concrete (CRC).

Briefly, the rubberized concrete is a particulate
composite material consisting of cement paste as a
matrix and rubber particle as a reinforcement. It is
produced by replacing normal fine aggregate with
crumb rubber particles in concrete mixtures at differ-
ent proportions. The crumb rubber used in this study is
a recycling product from grinding abandoned or
wasted tires. In general, because of its poor mechan-
ical properties, the rubberized concrete is used mainly
in non-structural lightweight or insulated concrete
applications. Despite its poor mechanical properties,
the rubberized concrete has shown some promising
properties in term of increasing ductility and improv-
ing energy absorption under static [6—10] and impact
loadings [11, 12]. The decrease in elasticity and
brittleness index with the increasing rubber content is

Type Thickness Material No. of
(mm) specimen
11 2 t1 2

R25 50 - 25 %CRC 3

R50 50 - 50 %CRC 3

S2 50 - 2 %SFRC 3

S3 50 - 3 %SFRC 3

S4 50 - 4 %SFRC 3

R25/S2 125 37.5 25 %CRC 2 %SFRC 3

R50/S2 125 375 50 %CRC 2 %SFRC 3

R25/S3 125 375 25 %CRC 3 %SFRC 3

R50/S3  12.5 37.5 50 %CRC 3 %SFRC 3

R25/S4 125 375 25 %CRC 4 %SFRC 3

R25/S4 125 375 50 %CRC 4 %SFRC 3

an indicator to the ductility improvement of rubber-
ized concrete [13]. In the case of toughness, it is found
to increase with the rubber content up to about 25 %
replacement ratio [14, 15]. Beyond 25 %, the tough-
ness is found to decrease due to the decrease in
strength. Rubberized concrete also exhibits the ability
to dissipate impact energy and prevent catastrophic
failure [16-18].

By replacing portion of the SFRC thickness with
rubberized concrete, the weight of the panel is
expected to reduce up to about 15 % which could
become useful when quick installation is required. The
rubberized concrete which is placed at the front
surface of the panel is also expected to act as an energy
absorption layer to absorb or dissipate the kinetic
energy of the bullet and allow less impact force to act
on the panel.

2 Experimental procedure

2.1 Materials

e Type I Portland cement
e River sand
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Fig. 1 Specimen
configuration

Table 4 Data
specifications

acquisition

—=— ~—12.5 mm.

RC ‘] ﬁ SFRC Layer
Layer \ V4

400 mm.

T

system and accelerometer

Data acquisition system

Type
General specification

Accelerometer
Sensitivity (£15 %)
Measurement range

Frequency range
(£10 %)

Electrical filter cutoff
frequency (—10 %)

Resonant frequency

Broadband resolution
(1-10,000 Hz)

Non-linearity
Transverse sensitivity
Sensing element

Size (hex x height)
Weight

Electrical connector

Up to 80 analog inputs at 16 bits,
250 kS/s

Up to 4 analog outputs at 16 bits,
833 kS/s

Up to 48 TTL/CMOS digital I/O
lines (up to 32 hardware-timed at
up to 1 MHz)

Two 32-bit, 80 MHz counter/
timers

0.102 mV/(m/s?)
49,000 m/s> pk
0.4-7,500 Hz

>7.5 kHz

>50 kHz

0.20 m/s? rms

<1 %

<5%

Quartz

12.7 mm x 36.8 mm
179 ¢

10-32 coaxial jack

400 mm.

400 mm

Accelerometer

Fig. 2 Specimen setup

e Hooked end steel fiber (Table 1)
e Crumb rubber (Table 2)

2.2 Specimen preparation

For all specimens, the concrete is mixed in a pan
mixer, carefully poured into the mold and vibrated on
a vibrating table. After 24 h, the specimens are
demolded and cured in water for 28 days. Three types
of specimen with dimensions of 400 x 400 x 50 mm
are prepared (Table 3):

e Single layer SFRC plate. For this specimen,
hooked end fibers are mixed with concrete at 2, 3

and 4 % by volume fractions.
FI;Em
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Table 5 Bullet specification

e Single layer CRC plate. For this type of specimen,

Technical information

Caliber

Bullet weight

Bullet style
Case type

0.45 ACP
230 grains or 15 g

Full metal jacket

Brass

Ballistics information

Muzzle velocity

Muzzle energy

900 ft/s
414 ft 1b

the fine aggregate is partially replaced by the
crumb rubber at 25 and 50 % by volume fractions.

e Double layer SFRC + CRC concrete plate. The
specimen’s thickness is divided into two layers: the
top layer of 12.5 mm is made of CRC and the bottom
layer of 37.5 mm is made of SFRC (Fig. 1).

270 /s The data acquisition system used in this study is an
5611 USB based system and the accelerometer is a piezo-
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Table 6 Inertial force per weight
Type Inertial force (kN) Weight (Kg) 1/W ratio
2SFRC 21.11 19.19 1.10
3SFRC 15.85 19.47 0.81
4SFRC 12.87 19.28 0.67
25CRC 4.73 15.59 0.30
50CRC 2.90 14.21 0.20
C25/S2 14.83 18.29 0.81
C50/S2 6.82 17.95 0.38
C25/S3 9.24 18.50 0.50
C50/83 8.28 18.16 0.46
C25/84 8.16 18.36 0.44
C50/84 5.30 18.36 0.29

Table 4. The accelerometer is connected to the data
acquisition system using low-noise cable and con-
nected to the notebook computer for recording data.

Flexural
Cracks

Scabbing

Fig. 5 Failure patterns of single layer plain concrete panel

2.3 Testing

The specimen is placed on the support as shown in
Fig. 2. Prior to the shooting, an accelerometer is
attached to the back and at the top of the specimen to
measure the acceleration of the plate during impact.
One shot is attempted per specimen using 11 mm size
bullets (0.45 magnum) from 15 meters distance. The
specification of the bullet is given in Table 5. The
acceleration is measured and recorded using a com-
puter based data acquisition system.

2.4 Data analysis

Using the obtained acceleration data located at the top
of the panel, the velocity and the displacement at any
time at the location of the accelerometer can be
calculated using Eqgs. 1 and 2 [3].

Mg:/ﬁ@m (1)

u(t) = //ﬁ(r)dt (2)
0

where ii(t) is the acceleration at any time ¢, #(¢) is the
velocity at any time #, u(z) is the displacement at any
time t.

By assuming linear distribution of the acceleration
from top to support of the specimen, the approximate
virtual acceleration and displacement at any point of
the panel can be obtained using Eqgs. 3 and 4 [3].

Spalling: Broken
pieces completely
flying out
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u(x,t) = @x (3)
li(x,1) = @x (4)
ou(x, 1) = 5Ml(t)x (5)

where u(x,7) is the deflection at any point, x, on the
panel at a given time ¢, u(¢) is the deflection at the top
of the panel at any time 1, ii(x, t) is the acceleration at
any point, x, at any time f, Ji(f) is the measured
acceleration at the top of the panel at any time ¢,
ou(x,t) is the virtual deflection at any point x at time #,
ou(r) is the virtual deflection of the top of the panel at
any time ¢.

The inertial force (dI) at any segment of the panel
dx, with an acceleration of ii(x, ) can be determined
using Eq. 6. By applying the principle of Virtual
Work, the inertial load, P,(f), acting on the panel can
be calculated using Eq. 7 [3].

Scabbing

Front

Fig. 6 Failure patterns of single layer SFRC concrete panel

dI = pAii(x, f)dx (6)
Py()u = / pAii(x, 1)0u(x, )dx, 7)

where p is the concrete density, A is the thickness of
the specimen.

3 Results and discussion
3.1 Acceleration

The acceleration is one of the key performances to
demonstrate the movement or the response of mate-
rials under impact loading. By using the relationship
between acceleration and time, velocity and displace-
ment can be obtained using Eqgs. 1 and 2. Results from
tests are shown in Fig. 3. The discussion is focused on
two points: impact duration and value of acceleration.

Spalling:
broken pieces
remain intact

Back




Materials and Structures

For the impact duration, the impact events are
found to vary from about 0.0002 s to about 0.0004 s
depending on the type of specimen. The impact
duration of the SFRC plates (about 0.0002 s) are
shorter than those of the CRC plates (about 0.0004 s).
Shorter impact duration of the SFRC plates indicates
that the bullet is reflecting out of the plate surface
immediately right after the contact. However, in the
case of CRC plate, because of its highly flexible and
soft surface, the bullet is allowed to penetrate deep into
the surface before bouncing back and causes the
impact event to extend slightly further.

In the case of acceleration, among the single layer
plates, the CRC plates (400-650 m/s?) exhibit much
lower acceleration as compared to the SFRC plates
(1,700-2,700 m/s%) (Fig. 3a, b). Lower acceleration
indicates that the CRC plate is being accelerated less
than the SFRC plates, which in some way implies that
the CRC is better in absorbing kinetic energy than
the SFRC. In addition, for both types of materials the
accelerations are also found to decrease with the
increasing fiber and crumb rubber content.

Perforation \

Fig. 7 Failure patterns of
single layer rubberized
concrete panel

Front

For the double layer plates, all of them exhibit less
acceleration as compared to the single layer plates
(Fig. 6¢c—e). This indicates that a layer of CRC material
is able to provide a cushion effect for the plate which
causes a reduction in the plate acceleration. The
acceleration also decreases with the increasing rubber
content of the CRC layer.

3.2 Inertial forces

Inertial force is the force used in accelerating a subject
from its rest position. It can be calculated using Eq. 7 and
by assuming a linear distribution of the acceleration from
the support to the top of the specimen (0 at the support) the
calculated results obtained are shown in Fig. 4.

From Fig. 4, it could be seen that the average values
of the inertial loads acting on the specimens are
highest on the single layer SFRC plates, followed by
the double layer plates and the CRC plates. The results
indicate that specimens with harder surfaces are more
resistant to impact force than those with softer surfaces
and as a result, cause higher inertial force. The CRC

Perforation
+ Spalling

Back

A

A 4
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plates offer little resistance and allow the bullet to go
through them very fast because of its low strength.
This causes the inertial load acting the CRC plate to be
very small.

For the double layer plates, the values which fall in
between the SFRC and CRC plates indicate the
combined effect of soft and hard materials in dissi-
pating and resisting impact force. The softness of
rubberized concrete absorbs or dissipates parts of the
energy while the SFRC engages on the surplus energy
and cause the inertial force to decrease.

For comparison, the inertial force per weight
(I/W) ratios are provided in Table 6. The ratio
indicates the inertial force allowed to occur per weight
of the panel. The SFRC panels have I/W ratio ranged
from 0.67 to 1.1 kN/kg. The ratio is found to decrease
significantly in the CRC panels due to the lower value
of inertial force. The decrease is also found in the
double layer plates which have the values ranged from
0.29 to 0.81 kN/kg. The lower ratios indicate the

Fig. 8 Failure patterns of
double layer rubberized/
SFRC panel

Penetration & j

Scabbing

Front

ability of the double layer plates to dissipate the
impact energy and allow less inertial force to occur.

3.3 Failure patterns

Failure patterns found in this study are strongly
influenced by the type of specimen. Typically, five
failure patterns are found: flexural cracking, scabbing,
spalling, penetrating, and perforation. Mixed mode
failure is also found in some cases.

For single layer plain concrete panels, the typical
failure mode is scabbing at the front surface and
spalling at the back surface. Flexural cracks are also
found all over the place. It is the flexural cracks that
lead the specimen to a complete fracture (Fig. 5). The
existence of the flexural cracks indicates the brittle-
ness of plain concrete.

For SFRC single layer panels, the typical failure
modes are scabbing at the front surface and spalling at

Spalling crack
with broken
pieces intact

Back
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the back surface (Fig. 6). There are no signs of flexural
cracks, and the bullet does not penetrate through the
panel. Although spalling is found at the back surface, it
is not a complete spalling as the broken piece remains
partially intact and clings on by steel fibers. These
phenomena indicate the ability of fibers to bridge
across the cracks and to enhance the impact resistance
of concrete. The diameters of the scabbing are found to
be around 36-38 mm.

For the rubberized concrete panels the bullets are
able to penetrate through panel’s thickness and create
the perforation failure type because of its low strength
(Fig. 7). There are evidences of spalling together with
the perforation at the back surface. The typical contact
zones have a diameter around 27-48 mm. The perfo-
rating diameter is found to decrease with the increas-
ing rubber content.

For the double layer concrete panels, the typical
patterns are scabbing at the front surface and spalling
at the back surface. There were no flexural cracks
found and the spalling is also not a complete spalling.
The bullet does not penetrate through the thickness of
the plate (Fig. 8). However, when looking closely at
the contact zones, their appearances look more like a
crater. The bursting out of the rubberized concrete
layer creates the outer circle while the inner circle
shows the surface of the SFRC layer. Similar to the
single layer CRC panels, the outer diameter of the
double layer panels decrease with the increasing
rubber content (Fig. 8).

4 Conclusion

This manuscript is a preliminary result of the
experimental series on impact resistance of multi-
layer plates subjected to direct fire weapons (11 mm
or 0.45 magnum). The 0.45 magnum are different
from other bullets because it provides more impact
force but less penetration. This study has proved that
a combination of soft and hard material can be used
to sustain impact force from this fire arm. The soft
layer is acting as a cushion layer to absorb or
dissipate the impact energy and allowing less impact
force to act on the SFRC plate. Additional studies
will be carried out on different kinds of fire arm, sup-
port layouts, and different combinations of material
thicknesses.
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Abstract

In this study, the impact resistance of double-layer concrete panels made of rubberized and steel fiber
reinforced concrete subjected to direct fire weapon (11 mm bullet) is investigated. Concrete panels with
dimensions of 400x400x50 mm are subjected to impact force from 11mm bullets at a distance of 15 m.
Three types of concrete panels are tested: single layer steel fiber reinforced concrete (SFRC), single layer
crumb rubber concrete (CRC) and double layer CRC/SFRC. For a double layer CRC/FRC, the CRC layer
of 12.5mm is added to the front surface to partially replace part of the SFRC panel. It is expected that
with its flexibility, the CRC will act as a cushion layer to absorb impact energies from the bullet and
reduce the damage to the concrete panel. During the impact event, the acceleration of the platet is
measured using an accelerometer. The measured acceleration is then used for calculating the force acting
on the plate and also its displacement.

Key Words: Multilayer Concrete Panel, Bullet Resistance, Rubberized Concrete, Fiber Reinforced
Concrete

1. Introduction

Worldwide, terrorist threats have become widespread. In Thailand, terrorist threats have occurred more
frequently especially at the southern parts of the country. Each attack causes damage to properties and
life. It becomes essential to develop structures or structural elements which could resist terrorist attacks
like bombs or direct fire weapons.

In Thailand, most residential buildings are constructed using reinforced concrete structural system in
which the main structural components such as slabs, beams and columns are made of reinforced concrete
and walls are made of bricks. When subjected to direct fire weapon or bomb, the bullet could either
penetrate through the wall or cause flying hazardous debris which could harm people inside the building.

In the case of military buildings such as bunker or guard post, this kind of structures is often a
nonpermanent structure (Fig. 1). Some are made of timber or wooden panel surrounded by sand bags. The
advantages of sand bags are price, availability and its high efficiency in stopping bullet. However, there

are several disadvantages for example, sand bags are heavy (slow installation), easy to disintegrate
(sensitive to moisture and UV), and need a replacement once it got puncture. In the case of emergency,
when military units are required to construct bunkers or guard posts in the battle zone quickly, the weight
of the sand bags could be become a factor to slowing them down.



Fig. 1 Example of military guard post or bunker
(http://www.arty16.com/data/modules.php?name=News&ditticle&sid=42)

In this study, a bullet proof concrete panel with the thickness of about 50 mm made from layers of steel
fiber reinforced concrete and rubberized concrete is proposed. The panel is expected to sustain Class 3A
fire weapon according to the Department of Defense standard for bullet proof panel or shield [1].

In general, concrete is a quasi-brittle material, when subjected to an impact loading, concrete usually
fractures catastrophically. This causes pieces of broken concrete to take off in all directions which may
harm people or cause damage to properties inside the building. In order to prevent it, concrete wall must
not only prevent a bullet from penetrating through, it must also maintain its integrity to keep the flying
hazardous debris to minimum.

In order to improve concrete brittleness and ability to absorb impact energy, small fibers are mixed
uniformly into concrete mixture (fiber reinforced concrete, FRC). With the ability of fibers to bridge

across the cracks, the toughness as well as the impact resistance of FRC is much more superior to that of
plain concrete [2]. However, there are still some disadvantages on the use of FRC material as a bullet
proof panel. An example is the rebounding the bullet off the surface. Since the surface of the FRC plate is
hard and strong, for some type of bullets, quite often it is found to bounce back at high velocity in

arbitrary direction and become harmful to people on the front side.

Therefore, in this study, to eliminate or minimize the rebounding effect, a layer of crumb rubber concrete
(CRC) or rubberized concrete is introduced and used for partially replacing part of the FRC layer. It is
expected by adding a highly flexible rubberized concrete layer to the front, some kinetic energies of the
bullet could be absorbed by the rubberized layer and caused the bullet to may be stop or bounce back at
lower velocity. Another advantage of replacing FRC with rubberized concrete is the reduction the weight
of the plate because rubberized concrete is lighter than normal concrete by about 20% to 50%.

2. Experimental Procedure

2.1 Materials
e Type | Portland Cement
e River Sand
o Hooked End Steel Fiber (Table 1)
e Crumb Rubber (Table 2)

Table 1 Fiber Properties

Aspec | Tensile
Ratio | Strength
(I/d) | (N/mnv)

L Section

Mat. | SG Shape mm)|  (mm)




Hooked
End

Circle

78 dia.- 0.55

Steel 35 64 1000

Table 2 Properties of Crumb Rubber and Fine Aggregate

Categories Crumb Rubber Fine
Aggregate
Average Bulk Specific Gravi 0.9¢ 2.45
Average Bulk Specific Gravity (SS 0.97 2.47
Average Apparel Specific Gravit 0.97 2.5t
Average Absorption (¢ 0.92 2.04
Finess Modulu 4.9: 2.¢

2.2. Specimen Preparation
For all specimens, the concrete is mixed in a pan mixer, carefully poured into the mold and
vibrated on a vibrating table. After 24 hours, the specimens are demolded and cured in water for
28 days. Three types of specimen with dimensions of 400x400x50 mm are prepared (Table 3):
e Single layer SFRC plate. For this specimen, hooked end fibers are mixed with concrete
at 2%, 3% and 4% by volume fractions.
e Single layer CRC plate. For this type of specimen, the fine aggregate is partially
replaced by the crumb rubber at 25% and 50% by volume fractions.
e Double layer SFRC+CRC concrete plate. The specimen’s thickness is divided into two
layers: the top layer of 12.5mm is made of CRC and the bottom layer of 37.5mm is
made of SFRC.

Table 3 Casting Details

Type Thickness (mm) Material No. of
tl t2 tl t2 Spec.

R2E 50 - 25%CR(

R5(C 50 - 50%CR(

SZ 50 - 2%SFR(

S: 50 - 3%SFR(

S4 50 - 4%SFR(

R25/S: | 12.F 37.t 25%CRC | 2%SFR( 3

R50/S: | 12.f 37.5 50%CRC | 2%SFR( 3

R25/Si | 12.F 37.5 25%CRC | 3%SFR( 3

R50/S! | 12.F 37.5 50%CRC | 3%SFR( 3

R25/S: | 12.t 37.t 25%CRC | 4%SFR( 3

R25/S: | 12.t 37.5 50%CRC | 4%SFR( 3

2.3. Testing

The specimen is set on the support as shown in Fig. 2. Prior to the shooting, an accelerometer is
attached to the back and at the top of the specimen to measure the acceleration of the plate

during impact. Three shots are attempted per specimen using 11mm size bullets (0.44 Magnum)
from 15 meters distance. The acceleration is measured and recorded using a computer based data
acquisition system.



Fig. 2 Specimen Setup

2.4. Data Analysis
Using the obtained acceleration data, the velocity and the displacement at any time and the
location fo the accelerometer can be calculated using Eq.1 and 2 [3].

u(®) = [ i (tdt (1)
u(®) = ffj i (t)dt 2)

where ii(t) is the acceleration at any time t
u(t) is the velocity at any time t
u(t) is the displacement at any time t

By assuming linear distribution of the acceleration from top to support of the specimen and by
applying the principle of Virtual Work, the inertia force acting on the specimen can be calculated
using Eq.3 and 4 [3].

dl = pAii(x, t)dx 3)
Py (t)6u = [ pAii(x, t)Su(x, t)dx 4)

where pis the concrete density
A'is the thickness of the specimen

3. Resultsand Discussion
3.1. Acceleration
The acceleration is one of the key performances to demonstrate the movement or the response of
materials under impact loading. By using the relationship between acceleration and time,
velocity and displacement can be obtained using Eqg.1 and 2.

Results from tests are given in Fig. 3. Two points are discussed: impact duration and value of
acceleration.

For the impact duration, the impact events are found to vary from about 0.0002 seconds to about
0.0004 seconds depending on the type of specimen. The impact duration of the SFRC plates
(about 0.0002 seconds) are shorter than those of the CRC plates (about 0.0004 seconds). Shorter
impact event for the SFRC plate indicates that the bullet is reflecting out of the plate surface
immediately right after the contact. However, in the case of CRC plate, because of its highly
flexible and softer surface, the bullet is allowed to penetrate deep into the surface before

bouncing back and causes the impact event to extend slightly further.
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In case of the acceleration, comparing among the single layer plates, the CRC plates (400 to 650
m/s) exhibit much lower acceleration as compare to the SFRC plates (1700 to 2900 m/s

(Fig.3a and b). Lower acceleration indicates that the CRC plate is being accelerated less than the
SFRC plates, which in some way imply that the CRC is better in absorbing kinetic energy than
the SFRC. In addition, for both types of materials, the accelerations are also found to decrease
with the increasing fiber and crumb rubber content.
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Fig.3 Acceleration of (a) SFRC, (b) CRC and (c)-(e) Double Layer Plates

For the double layer plates, all of them exhibit less acceleration as compared to the single layer
plates (Fig. 6¢c-e). This proof that a layer of CRC material is able to provide a cushion effect for



3.2

3.3.

the plate which causes a reduction in impact energy and plate acceleration. The acceleration also
decreases with the increasing rubber content of the CRC layer.

Inertia Force
Inertia force is the force used in accelerating a subject from its rest position. It can be calculated

using Eq.4 and the results are shown in Fig. 4.
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Fig. 4 Inertia Load

From Fig. 4, it could be seen that the average values of the inertia loads acting on specimens are
highest on the single layer SFRC plates, followed by the double layer plates and the CRC plates.
The results indicate that the harder the surface, the higher the inertia loads. It also proofs that
specimens with harder surface resist more to the impact force than those with softer surface and
cause higher inertia force. For the double layer plates, the values which fall between the upper
and lower bound indicate the combined effect of soft and hard materials in one specimen. The
soft material absorbs parts of the energy while hard material resists the surplus energy.

Failure Patterns

For all specimens, the patterns of failure are typically scabbing (fragments of specimen falling

off the top surface[4]). However, in some cases of the CRC plates, both scabbing and spalling
(fragments of specimen falling off the bottom surface[4]) failures are observed. Even though

most specimens fail under scabbing mode, different crater sizes are observed. For the SFRC
plates, the crater sizes are smaller than those of CRC and CRC+SFRC plates. This indicates also
that the CRC layer allows the bullet to penetrate deeper than the SFRC layer and absorbs part of
the kinetic energies during the impact.



Fig. 5 Failure Patterns of SFRC plate (left) and CRC+SFRC plate (right)

4, Conclusion

5.

6.

This manuscript is a preliminary result of the experimental series on impact resistance of multilayer
plate subjected to direct fire weapons. In this study, the 11mm (0.44 Magnum) bullet type is used.
The 0.44 magnum are different from other bullet that it provides more impact force but less
penetration. It has been proofed that a combination of soft and hard material can be used to sustain
impact force from this fire arm. The soft layer is acting as a cushion layer to absorb part of the energy
and allow less impact force to act on the SFRC plate. Addition studies will be carried out on different
kinds of fire arm and different combination of material thicknesses.
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ABSTRACT

Wasted or abandoned tires are an environmental problem worldwide. One way to get rid of them is to grind them into
small particles called crumb rubber. During the past years, crumb rubber has found its use in several applications
including the rubberized concrete. In this study, the rubberized concrete is used to improve the bullet resistance of steel
fiber reinforced concrete (SFRC) panels. In general, a major requirement for a bulletproof panel is to be able to stop
bullet from penetrating through the panel. However, when using hard materials like SFRC, though the bullet cannot
penetrate the panel, it bounces or ricochets back at high velocity and in random directions which in a way is still able to
cause damage. In this study, a double layer bulletproof panel made of crumb rubberized concrete (CRC) in the front and
SFRC in the back is introduced. The rubberized concrete (CRC) layer in the front is expected to behave as a cushion
layer which absorbs impact energy from a bullet prior to reaching the SFRC layer and to stop the bullet from bouncing
back or to reduce the ricocheting velocity. Data are collected in from of acceleration and displacement occurred during
the impact.

Key words: Wasted Tires, Crumb Rubber, Bulletproof Panel, Environmental Performance

1. INTRODUCTION two decades, several researches have been carried out in
order to find solutions to the problem; one of them is a
product called ‘crumb rubber’. The crumb rubber is one
of the products coming out from grinding wasted tires
into small particles. They are used in several applications
such as asphaltic pavement, lightweight concrete, rubber
tiles, reclaimed rubber, etc.

Since the industrial revolution, the number of vehicles
has been increased drastically. According to Ward’s
Report [1], the number of vehicles in the world has
already exceeded 1.05 billion in 2010. With the rising
number of vehicle comes a new problem of disposing
wasted tires. Because of its difficulty to disposure,
wasted tires are mostly ended up in landfills and most
likely to become fire hazard. However, during the past



Fig.1 Abandoned Tires in Landfill

In the field of concrete technology, crumb rubbers are
used in the production of lightweight concrete (Crumb
Rubberized Concrete, CRC). The rubberized concrete is
made by replacing portions of fine aggregates with
crumb rubber particles. The percentage of replacing is
depending on the purpose of the use. For structural
purpose, the percentage replacement should not exceed
20% by volume fractions. For insulating purpose, the
replacement could be up to 100% replacement by
volume fraction. The rubberized concrete usually has
low compressive strength, high energy absorption and
good insulating properties (both sound and thermal) [2-
4].

In our study, the rubberized concrete made with high
crumb rubber content is utilized as an energy absorption
layer for the bulletproof concrete panel. Conventionally,
the bulletproof concrete panels are usually made of steel
fiber reinforced concrete (SFRC) at different volume
fractions. Though the steel fibers provide superior
impact or ballistic resistance to the concrete panel, there
are still rooms for improvement. For example, because
of the hardness and strong surface of the SFRC panel,
most of the bullets which cannot penetrate the panel, can
ricochet back at high speed in random directions. These
ricocheted bullets are quite dangerous and could cause
serious injury to personnel in front of the shield.
Therefore it is one of the objectives of this study that is
to reduce the impact energy of the bullet by placing an
energy absorption layer such as rubberized concrete in
the front of the SFRC panel.

The concrete panels used in this study consist of two
different types: single layer and double layer type
(details are described in 2). Each panel is subjected to a 9
mm-bullet at the distance of 10 meters. The variation of
the acceleration during the impact event is measured

using accelerometer attached to the back surface of the
panel. The rubberized concrete layer is added to the front
of the SFRC panel by beams of replacing part of SFRC’s
thickness. With a layer of rubberized concrete to the
front surface, the impact energy of the bullet is expected
to be absorbed partly and decrease prior to reach the
SFRC layer. In addition to that, by replacing part of the
SFRC’s thickness with rubberized concrete which is
lighter in weight, the weight of the panel is also expected
to decrease as well.

2. EXPERIMENTAL PROCEDURE

2.1 Materials
e Type I Portland Cement
e River Sand
e Hooked End Steel Fiber (Table 1)
e  Crumb Rubber passing Sieve No. 6 (Table 2)

2.2 Specimen Preparation

For all specimens, the concrete is mixed in a pan mixer,

poured into the mold. After 24 hours, the specimens are

demolded and cured in water for 28 days. Three types of
specimen with dimensions of 400x400x50 mm are

prepared (Table 3):

e Single layer SFRC plate: for this specimen, hooked
end fibers are mixed with concrete at 2%, 3% and
4% by volume fractions.

e Single layer CRC plate: for this specimen, fine
aggregate is replaced partially with crumb rubber at
50%, 75% and 100% by volume fractions.

e Double layer SFRC+CRC concrete plate. For this
specimen, the thickness is divided into two layers:
the top layer is made of CRC with the thickness of 5
mm. The bottom layer is made of SFRC with the
thickness of 25 mm (Table 3).

Table 1 Fiber Properties

L AspectRatio Tensile Strength

Mat. SGom)y (/) (N/mm’)

Steel 7.8 35 64 1000

Note:- Hooked End Dramix Steel Fiber

Table 2 Properties of Crumb Rubber and Fine

Aggregate
Categories Crumb Fine
Rubber  Aggregate
Average Bulk Specific Gravity 0.96 2.43
SSD Specific Gravity 0.97 2.47
Apparent Specific Gravity 0.97 2.55
Average Absorption (%) 0.92 2.04
Finess Modulus 4.93 2.9




2.3 Ballistic Testing
Prior to the ballistic test, each specimen’s weight is

measured and recorded. The specimen is then placed on
the support anvil with four sides secured by a steel frame
to provide simple support along the edges as shown in
Fig. 2. Two accelerometers (Table 4) with a capacity of
5000g are attached at the quarter and at the center
location of the back surface to measure the accelerations
during the impact. Each specimen is shot by a 9mm
bullet (Luger FMJ ©Winchester) at a distance of 10
meters (bullet dimensions and specification given in
Table 5). The acceleration during the impact event is
measured and recorded using a computer based data
acquisition system (NI USB-6225).

Table 3 Casting Details

Thickness No. .
Type (mm) Material of Fig. 2 Test Setup
tl 2 tl 2 Spec.
R25 - 30 50%CRC - 3 Table 4 Accelerometer Specification
R50 - 30 75%CRC - 3 Performance
R75 - 30 | 100%CRC -1 3 Sensitivity (+ 15 %) 1.0 mV/g
S2 - 30 2%SFRC - 3 Measurement Range + 5000 g pk
S3 - 30 3%SFRC - 3 Frequency Range (£ 10 %) 0.4 to 7500 Hz
S4 - 30 4%SFRC _ 3 Electrical Filter Cutoff Freq (-10 %) >7.5kHz
R50/S2 5 25 50%CRC | 2%SFRC | 3 Resonant Frequency > 50 kHz
R75/S2 5 25 | 75%CRC | 2%SFRC | 3 Non-Linearity <1%
R100/S2 | 5 25 | 100%CRC | 2%SFRC | 3 Transverse Sensitivity <5%
R50/S3 5 25 50%CRC | 3%SFRC 3
R75/S3 5 25 75%CRC | 3%SFRC 3 Table 5 Bullet Specification
R100/S3| 5 | 25 [ 100%CRC | 3%SFRC | 3 Technical Information
R50/S4 | 5 | 25 | 50%CRC | 4%SFRC | 3 Caliber 9mm Lugar
R75/S4 5 25 75%CRC | 4%SFRC 3 Bullet Weight 115 grains (745 grams)
R100/S4 5 25 100%CRC | 4%SFRC 3 Bullet Style Full Metal Jacket
{ Case Type Brass
Rubberized Concrete T1 Ballistics Information:
Steel Fiber Reinforced Concrete , ‘|}2 Muzzle VClOCity 1190 fpS 362 m/s
: Muzzle Energy 362 ft.lbs. 492 N.m

2.4 Data Analysis

Using the obtained acceleration data, the velocity and the
displacement at any time and at the location of the
accelerometer can be calculated using Eq.1 and 2 [5,6].

u(t) = [, i ()dt (1)
u(t) = [fy i (Dt 2)
where ii(t) is the acceleration at any time t

u(t) is the velocity at any time t
u(t) is the displacement at any time t

Photo source: http://en.wikipedia.org/wiki/File:9x19mm_Parabellum.svg[7]



3. RESULTS AND DISCUSSION

3.1 Failure Patterns
There are five typical failure patterns found in this study

as summarized in Table 6 and Figure 2. The
classification for passing or not-passing the standard of
each specimen is judged based on a standard of Thailand
Minister of Defense regarding bulletproof shield testing
which briefly states that a bulletproof shield is
considered failure if a bullet is able to perforate through
its thickness.

Type I: Flexural Failure. This type of failure only occurs
in the plain concrete plates. Because of its brittleness,
under the ballistic force, the plain concrete plates usually
crack and shatter into several pieces (Fig. 3a). This type
of failure is considered not pass.

Type II: Perforation. All single layer rubberized
concrete panels fail in this manner. This is because of its
low strength; the bullet can penetrate through panel’s
thickness and create the perforation failure type (Fig.

3b). This type is also considered not pass.

Type III: Scabbing at the Front surface. This type of
failure is found mostly in single layer SFRC plates which
also show no sign of flexural cracking in all cases. At the
back surface, spalling is found in some specimens but in
all cases, the spalling pieces are remain intact the
specimen and there is also no sign of perforation. This
phenomenon indicates the ability fibers to bridge across
the cracks and to enhance the impact resistance of
concrete (Fig. 3c).  This type is considered pass the

requirement.

Type IV: Penetration. This type of failure is found in
some of the double layer plates where the bullet is found
to penetrate through the layer of the rubberized concrete
and the completely stop at the layer of SFRC. This is
some spalling in the back surface but no sign of
perforation(Fig. 3d). This type is also considered pass
the requirement.

Type V: Penetrating + Scabbing. This is a typical failure
mode for most of the double layer plates where the bullet
is able to penetrate through the thickness of the
rubberized concrete layer cause the scabbing at the front
surface but does not cause perforation or flexural
cracking (Fig. 3e). This type is also considered pass the
requirement.

Table 6 Failure Patterns Summary

Type Failure Type Classification
R25 Perforation not pass
R50 Perforation not pass
R75 Perforation not pass
S2 Scabbing pass
S3 Scabbing pass
S4 Scabbing pass
R50/S2 | Penetrating+Scabbing pass
R75/S2 | Penetrating+Scabbing pass
R100/S2 | Penetrating+Scabbing pass
R50/S3 | Penetrating+Scabbing pass
R75/S3 | Penetrating+Scabbing pass
R100/S3 | Penetrating+Scabbing pass
R50/S4 | Penetrating+Scabbing pass
R75/S4 | Penetrating+Scabbing pass
R100/S4 | Penetrating+Scabbing pass

(a) Flexural Cracking in Plain concrete Plate

(b) Scabbing (¢) Perforation

(d) Penetration (e) Penetration+Scabbing
Fig. 3 Failure Modes

3.2 Acceleration
Typical responses of acceleration vs. time of plates

during the impact event are shown in Figure 4 to 6. In
general, the acceleration is mostly confined at the center
of the plate (where the bullet comes into contact). This
causes the side accelerometer to response the impact
slower than the center one. For single layer SFRC, the
peak acceleration appears to decrease with the fiber
content. Comparing between single layer and double



layer plates, the accelerations of the double layer plates
seem to be smaller than those of single layer plates
(results are summarized in Figure 5).
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Fig. 5 Peak Center Acceleration

3.3 Displacement and D/W Ratio

By integrating the acceleration as shown in Equation 2,
the displacement of the plate during the impact can be
obtained. Calculating results are as shown in Table 6.

Results show that the displacements of the double layer
plates are smaller than those single layer plates in all
specimen types. This indicates the effectiveness of the
rubberized concrete layer to absorb the impact energy
and cause the plate to deform.

Table 6 Center Displacement

Center % Spec. D/W
Type Displ. | Comparison | Weight ratio
(mm) (ke) | (mm/kg)
S2 0.46 100 11.52 0.040
S3 0.44 100 11.18 0.038
S4 0.42 100 11.14 0.036
R50/S2 0.35 76 11.15 0.031
R75/82 0.28 61 11.68 0.025
R100/S2 | 0.25 54 11.30 0.022
R50/S3 0.39 89 11.16 0.035
R75/S3 0.37 84 11.02 0.033
R100/S3 | 0.32 73 11.57 0.029
R50/84 0.37 88 11.16 0.033
R75/84 0.33 79 10.95 0.030
R100/S4 | 0.28 67 10.74 0.026

(c) Double Layer Plate (50R40S)

Fig. 4 Acceleration Response during Impact Event

Lower acceleration indicates that less impact energy is
acting on the plate during the impact. It also implies that
the part of the impact energy from the bullet is absorbed
by the rubberized concrete layer. The effectiveness of
rubberized concrete in absorbing impact energy is also
found to increase with rubber content as seen in Fig. 5.

In addition to the measured displacement, the
displacement per weight ratio (D/W) is also calculated.
As shown in Table 6, the average weight of double layer
concrete plate is found to decrease gradually with the
increasing crumb rubber content. The D/W ratio
represents the effectiveness of the plate in term of
allowing the deflection to occur per weight of the
specimen. Lower D/W ratio indicates higher
effectiveness which in this case, the double layer plates
seem to be more effective than those single layer plates.




4. CONCLUSION

Crumb rubber is one of the solutions to reduce waste
from discarded tires. It is used in this study to enhance
the efficiency of the bulletproof concrete panels.
Because of its ability to dissipate energy, the rubberized
concrete layer is partially replaced the front layer of the
SFRC plate. The results are successfully shown that the
rubberized concrete layer is able to act as a cushion layer
and absorb the impact energy from the bullet test as seen
by the decreasing values of acceleration, displacement
and D/W ratios.
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