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Abstract

This study experimentally investigated the compressive and flexyral strength development characteristics of polymer concrete using four different type
polymeric resins such as unsaturated polyester, vinyl ester, epoxy, and PMMA (polymethyl methacrylate) as binders. The test results show that the
average compressive strength of those four different polymer concretes was 88.70 MPa, the average flexural strength was 20.30 MPa. Those test results
show that compressive and flexural strengths of polymer concrete were much stronger than compressive and flexural strengths of ordinary Portland
cement concrete. In addition, the relative gains of the compressive strength development at the age of 24 hrs compared to the age of 168 hrs were
68.6~88.3 %. Also, the relative gains of the flexural strength development at the age of 24 hrs compared to the age of 168 hrs were 73.8~93.4 %. These
test results show that compressive and flexural strengths of each polymer concrete tested in this study were developed at the early age. Moreover, the
prediction equations of compressive and flexural strength developments regarding the age were determined. The determined prediction equations could
be applied to forecast the compressive and flexural strength developments of polymer concrete investigated in this study because those prediction
equations have the high coefficients of correlation. Last, the relations between the compressive strength and the flexural strength of polymer concrete
were determined and the flexural/compressive strength ratios were from 1/4 to 1/5. These results show that polymer concretes investigated in this study
were appropriate as a flexural member of a concrete structure because the flexural/compressive strength ratios of polymer concrete were much higher
than the flexural/compressive strength ratios of Portland cement concrete.
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Chandra et al., 1994).
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Zoo| 230l 95 3 HYE W =4
LS T ik ol R RS slEely] 918 ARAl 14972 Table 13} 2k,
ol Zejulo] A, 5% AR WL MRS SR A
Sof g3t A7 A &52 0 72 o] F0] %11 QIth (Omata et al., (2) MMA H 1=
1995). MMA (methyl methacrylate) &= = & :‘Tii}%ﬂ | By
B Aol 2aeE] S e S 4 o] YE 24§02 AE 900, 1 4 Table 29}
A ol Q14 9l B dfsto] AgHom pelsle . Pk,
A} gtk o] 5 fal B3} Ee]of| A, BlHoAH, o=
A, PMMA 5 4712] Z2|o] 23S g3t Zeju] 23] 3) 7HXNA
Eof tfi5lo] A= 6, 12, 24, 168 hrso| 4] 7F=A| S-S AlA| TNAI A 2 A= MEKPO (methyl ethyl ketone proxide) 55
shal e A o] SFet A" ol W oS E g =T %<1 DMP 845 AR5} o1, 71 A4 8-& Table 33} L.
A 548 Bajslo] 172 ik
TR B AT 9l9] 47kx) Eelv) ARtAS AMga Ze) OFE
o Eae|Ee] 24 g Agke] 4 24u)7} ot B3} Zejo] 28 $RMMA Blemli= 353 Aejo]
27] djZol LA & 7} itk wheba] vESA 7] 9F 7hAL A ARAAE 7 FsE S 785 AR vt vl =g
A7F, YLl ATl er & Aoy} L sl L =) T2 o) & w2 57| 93t XA 2A] DMA (N,N-Dimethyl
270 = sto] ATk 12| FeH EAYEE S aniline) & AME-5F1 2.1, 71 A 8-E th3- Table 49 At}
5ES- (polymerization) ]l 2J3l] 27174517} doju}r] o]
oukA] 0 & 2 168 hrs (7 days) o] A =S 7|4 =& 5l (5) 2A D 2AA)
9he-g v ELt, Zojo] 2ae)eg 20 FAL AE 2AEg 2
Ao} F535k 4257 o|4fololok shl, T Afo] o] B A
7] Sl SHAAME ARERITE AR EAeE SRR S4
Il. Xj= 2 i ERALZE0] 4212 Table 5 @ Table 63} 7t}
1, A 2=
7t 223t E2|0lAH &2/ 232|E
Table 2 Properties of MMA monomer
(1) BE3} E2o|2H 47 i
= AP E ARE S323) o AE A= TEA ?;g‘:‘g (ZOY’iCS:COnigZ-s) Mole((;;l/?;o\:;eight Appearance
A=A 7 H7 A= 24E}Q] (ortho type) .24 .
BEAAE H7F el Sl= SAE ( ype)2-A] 0.9420 0.56 100 Transparent
Table 1 Properties of unsaturated polyester resin Table 3 Properties of initiator
Density Viscosity Acid Styrene content Component Specific gravity (25 °C) Active oxygen
(25 oC) (25 oC, mPa's) value (%) MEKPO 55 %
1.13 300 20.0 40 DMP 45 % 112 10.0
Table 4 Properties of DMA
Density Boiling point Melting point Molecular weight
(25°C) (°c) °c) /el Appearance
0.9420 193~194 1.5~25 12118 aily liquid
Table 5 Physical properties of aggregate
Size Apparent Bulk Unit weight Fineness Water content Organic
(mm) density density (kg/m°) modulus (%) impurities
0.08~8 2.64 2.62 1,648 3.09 (0.1 nil
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Table 6 Properties of heavy calcium carbonate

Specific gravity Absorption Water content H Mean grain size Retained percentage
(gr/cc) (cc/ar) (%) P (pm) of 325 mesh sieve
2.75 0.20 =03 8.8 13 0.03

L}, HIZOoAE 22|l 232 E

(1) B dol2H 47|

H|J o] 28] (vinyl ester) A= £33} 7HEA) Ak (car-
boxylic acid)1} H|AHE A-o|TE223]=7 (bisphenol
A-epichlorohydrin) 2] o FHA] 4=2]0] £7}HEG-of] 2J5fjA]
BofXIet. AR BIHol A 2] 9] /dE-E Table 71} Zth

(2) MMA ®-1
HdoAE =20 =& War| Qe ARgE e, 1
A2 QFol| A|A| gt Table 29} .

) 7HAA
a2 22]9] H3HE 913t 7HAIAI = A MEKPO 55 %
RIDMP G4 ARG-BFRl o, 71 472 kol A| A%t Table

33},

4 &3A

H'Jof| A8 2| MMA = 353 ol A ZHAIAINE 3
7¥eFE - 2E dojubA] 7] wiszo £XAI7E 2 e
3lt}. B Lo A= Cobalt Naphthenate & ZZA| 2 A3}
¥ow, 71 422 Table 83} 2}

5) A 4 334
2 Aol ARgE ALt FHA ] A2 oA Al
Table 5 ¥ Table 63+ 2T}

Ct. oAl 22| 232|E
(1) 12X 47

Hl s B o] A 7} ol 3|47 S} 7

Table 7 Properties of vinyl ester resin

o gujA|e] A7} Qo] AT E A Zo] ARgo] 7155, 1
/3722 Table 99} 2tk

() 38|

AR5l A= 2]H=(aliphatic amines) A E=A4] MXDA
(Meta- xylenediamine)2} IPDA (Isophorone diamine), A2k
= ol (cycloaliphatic amines) A @24 MCAA (modified
cycloaliphatic amine) 5 30|, 71 /-2 Table 10, Table
11 9 Table 129} Zc}.

(3) ZA 4 AA
AR B2} 3 A 2] AL oFol 4 AIA] g Table S 5
Table 63} Zt}

2t PMMA E2|H 232|E

(1) ot=8A 53]

ARE-E ol T A 42X|+=PMMA (polymethyl methacrylate)
£ MMA 20j0] §8X17] Zlo]ck MMA 0] e
kol Al A At Table 22} 2t

Table 9 Properties of bisphenol—F type epoxy resin

Specific Viscosity Epoxy equivalent Freezing
gravity (25°C, mPa-s) weight (g/eq) point (°C)
1.18~1.22 2,000~5,000 160~180 —20.6
Table 10 Properties of MXDA hardener
Specific Viscosity Molecular Aopearance
gravity (20 °C, mPa-s) | weight (g/mol) PP
1,048~1,056 6.8 136.2 colorless liguid

Table 11 Properties of IPDA hardener

Density Viscosity Vapor Styrene content Density Viscosity Molecular Appearance
(25°C) (20°C, mPa-s) density (Wt%) (25°C) (20 °C, mPa-s) | weight (g/mol) PP
12 250 3.6 45 0.920~0.925 18 170.3 clear liquid
Table 8 Properties of Cobalt Naphthenate Table 12 Properties of MCAA hardener
Density Boiling point Specific Viscosity Total amine value
(25°C) ©c) Appearance gravity (20°C, mPa-s) (mgKOH/g) Appearance
0.95 110.6 violet liquid 1.03 50~150 340~390 light yellow
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(2) 7RXIA
7HAIA 24 BPO (benzoyl peroxide)S AME31 .00, ~1
43212 Table 133} 2t}

) F2A

MMA = 53 e oll A AHAATE M7= 85 &
AZE RRSE 7 vl e n s XA 24 DMA (N,N-
Dimethylaniline)E 37181301, 1 Ad2-2 QFof| A A AT
Table 42} Zt}.

(4) S0 H=2A

MAA (methacrylic acid)= =4 2= 2] JFo|n, A3}
A] 2] 2F8-0] 5B % 52 -3i) ola ™A AdA el At =
A9 7 =228 22 o 2 AFR-Eth MAAS] A28 Table
149} .

() A % SHA

AR EA2k S o] A2 SFoll Al A| A% Table 5 9L
Table 63} 2tk
2. HHEHH| Z2H

AHE Ea2|E| Frer} P“HEA At B, A
27, A 59| J9FS W= A (Metaet al,, 1993)J1L o
AR EeH +ﬂﬂ£ ottt 8| IS U=
o} & oA 4270 Zelv] ATAE AMgstg o,
e A2 E HHULHIL HHEA7]9F TPARAIZES 2 L}
lHOiZ]L AL 720 2 slo] A STk 2 HkEA ]

-7k (flow rate) © 2 A} 125+10 %, 7}AA)ZF(working
life)‘f: 80—155 7|2l & sl ol2fgt 7]zl ofsl g E
Ze 2] 24 Eofv] FA2 E 9| vigH]= Table
15, 16, 17 2 183} Z+t} (Hyun, 2011; Min, 2016; Seung,
2015; Son, 2012).

Table 13 Properties of BPO

Molecular | Mellting point | Molecular weight Appearance
formula (°Cc) (g/mol) —
CiaH1004 104~105 24223 white powder

Table 14 Properties of MAA monomer

Density Viscosity Molecular weight Appearance
(20°C) (20°C, mPa-s) (g/mol) PP
1.01 1.3 86.1 transparent
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Table 15 Mix proportion of unsaturated polyester resin based
polymer concrete

Binder Binder formation Filler Fine
content | UP : MMA | MEKPO | DMA (wt.%) aggregate
(wt. %) (wt. %) (phr*) | (phr*) (wt. %)
10 80 : 20 20 70
11 70 : 30 1 1 22 67
12 60 : 40 24 64
Notes, *phr : parts per hundred parts of resin

Lt HIZ0lAE 22/ 232|E

Table 16 Mix proportion of vinyl ester resin based polymer concrete

Binder formulation
Binder Filler Fine
content | VE : Mma | Mexpo | ©oP3!t (wioe) | 299recate
(Wi%) (wt%) (phr*) Naphthcinate (Wi%)
(phr*)
12.0 100 : O 18.00 70.00
15 |975:25 2 2 17.25 71,25
11.0 |95.0:5.0 16.50 72,50
¥ phr : parts per hundred parts of resin

Ct OIZAl E22|H 232(E

Table 17 Mix proportion of epoxy resin based polymer concrete

Binder Binder formation .

Filler | Aggregate
content | Epoxy resin Hardener W) | (wt%)
(wt.%) (wt.%) (wt. %) : '

MXDA 20
15 100 IPDA 26 70 15
MCAA 50

g2t PMMA Z2|H Z232|E

Table 18 Mix proportion of PMMA based polymer concrete

Binder Binder formation (wt.%) i
Filler | Aggregate
content | MMA | PMMA | MAA | BPO | DMA wt%)|  (wt.%)
(wt.%) | (wt.%) | (Wt.%) | (phb*) | (phb) | (phb*) | ]
0
12 80 20 12 2 2 18 70
15
*phb : parts per hundred parts of binder
3. Al
Zojn] 2 ES] Feddo| vA= Fa% a4 F9)

SlU7E A2 o]t} (Yeon et al., 1990). whehi] A=



AR AR T 4 o A Selel Age)
ZRol Aol me PR S48 Tek o] 78 &
Zd, o|m g OFAQ - (curing temperature 2} A] S = (testing
temperature)+= X520 °C2 -3-A|3}% Tk
A=7w= A|E2 ASTM C 579 (Standard test methods for
compressive strength of chemical-resistant mortars, grouts,
monolithic surfacings, and polymer concretes)©]] w2} A A
3R, B7E A1E-2 ASTM C 293 (Standard test method
for flexural strength of concrete)o]] w2} A A5}t
U= AR ol= 25x10 em @] LA5=F A AAIE ARE-5F
o, e AR dxdx16 em 2L7]2) 2159 A
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Fig. 1 Compressive strength development of polymer concrete with polymeric binder type
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el AR SRl W2 AYE YRS AP 271NN AT WA IR A7 24 hrs & At
ATh=Fig 132t} o] ATl ISP UA £ WA RE O TR F)0E AT A o) A 2
HEH 2 6 hrs 2] 9171 = PMMA 80.9 MPa, HjJoj| A L o] EX Aokt s}
E] 59.9 MPa, 233} Z2]o|| AE]| 54.6 MPa, o[ &A] 16.0 MPa I*h% Zho| & i 1S B LEhd =T 76.0~101.3

o] zo|glom, A 12 hrs®] ¢FE7} == PMMA 86.4 MPa,  MPa®Al, QP2 20 °Cl wj A= 168 hrs©] QF&7}e 7}
H]do| AE 64.1 MPa, B33} Z2] o AF 59.9 MPa, of|&A] 90.6~112.1 MPa WH{|2}= @]=to|A 2] A A3} (Okada et
459 MPa2] &2 & A9 6 hrso} -2 Aok B it 18} al., 1981; Vipulanandan et al., 1988)53} H|<=5}H], =10
A 24 hrs ] 9= ==PMMA 89.7 MPa, o|ZA] 68.4 MPa, X9 AG+AT} (Yeon, 1988; Yeon et al., 1990) 57} = -3-AF

Mol e} 66.1 MPa, B8} Belo| 6] 65.8 MPad] 40] & gk ek

31, A 168 hrsQ] ¢=71=+= PMMA 101.3 MPa, o ZA] 831471 E8]H Za 2] Eof ot A= 168 hrsof| 4] 9]
98.8 MPa, £3£3} Z 2|02 F| 78.7 MPa, H|'do||A~E| 76.0 MPa Bt Y75 8] B 88.70 MPa= A, E|w 23 E
o $0=A T SA7 HHE AR Bck o] 7o) A Bejnle] 55 & of2 270 e

o1& U= E A1 A= B o2 2 A|°] PMMA Z&] R A4 =7 = 80 MPa2 AF3]gHc) (Chandra et al.,
o ZaelEt RE Aol A LR} Eud Zwe]  1994) AT eSO 4 ek
A7V elerg o 4 ol o) 24 Beju ZaelEe] 49 Beju] Aeo) Sl WE AR B Agdnks
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Fig. 2 Flexural strength development of polymer concrete with polymeric binder type
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Fig. 29k ek o] ATl 4= W SAS A A Bgwo] thak 212 Fig. 42} 2k Qo)A Ak Hlek o]
% 6 hrsol 2] T PMMA 18.4 MPa, W o8] 161 o] 222 20) 4 w4l v)3) 220 gfgfo] Auz

MPa, £33} Ze]of|AE] 13.5 MPa, o|ZA] 3.9 MPa2] £=0|
a1, A 12 hrs Q] E7} == PMMA 19.4 MPa, H|'d o] A~ E
17.2 MPa, E-335} Z]o| AE] 14.8 MPa, 9| ZA] 10.2 MPa ]
0]l o, A7 24 hrs 2] 7} == PMMA 20.4 MPa, H|'d
| 2E] 19.6 MPa, E-3} Z2]o]| AE] 15.8 MPa, o] ZA] 15.1
MPa®] =0 2 A o] F7HA| = -2 S Bk TLevt
of|FA] Eein A2 EQ e AP o] FUHdE A
3] =obA A A2 168 hrs2] E)7= PMMA 22.6 MPa, H]
Yo A 20.7 MPa, o ZA] 20.4 MPa, E-323} Za]o|| A
17.5 MPa®] =0 & W} th& ek H ok

ol TE A ATE Wl SFEAES] 790} s
A2 PMMA Eejo] 212127} 71 Selahe o 4 olck
e ol FA] FeH P Es A o] At whet At
L7t @A 8] S7ksto] ohE S0 EYmE AR A of H]
off E2lohA] e o o= Qick

agjal 2 A4S Sl yehd A 168 hrso] e
17.5~22.6 MPaZ A, oFA12 % 20 °CY of] A1 168 hrs2] &
7457} 21.15~25.31 MPao|gl= A3 A2 1= (Okada et
al., 1981; Vipulanandan, 1988; Yeon, 1988) Xt} th4 7|
UEP O, o] = Y573 7F117.7 MPagl 231171 % A|HIE
FIEQ AL T} 9.2~11.5 MPagl A (Jang et al.,
1992)2} vl araf Hid w9 =2 ghels & &= ek

3 1 AolA ALt 4714 Eelu] 232l dig
A= 168 hrsof|A412] B 7 =S 31 HH 20.30 MPaz
A, Zeju 22 E] e dd-S A1 E2m 9] S5,
P2 5 o] 23 o EebA] 7] = sHARE E =
14 MPa- A}3]$tc} (Chandra et al., 1994)= A1} = F§HE
& o 4 9lek

Arjxoz B ) Fejo] Boe|et gEtE oy
o} YU ROOE T2 M} ToAE AEGOE

ARG S B RS Bl AES 4D 4 gl Rl
HEE R ERRE R
2. 2= wHg

Aol ThE 7w U B eAE A 5 A
7),PS ZeEe] HelsEd|s w¢) A7), Betd 2]
E0) AFZ AA A7) 5% 24T QoI v Fatha

&2 HFE AL ATk (Neville, 1997).

2 Aol A= A 168 hrsE 7|0 = 515e wf A= 6
hrs, 12 hrs, 24 hrsof| A &] 7= 8- Zoln] 2 S5
= AEsto] HolHnt 57w ol ek 2 Fig. 33 24,

oo

FR2EQF A2 5 7H7F 20 °CE -4 5131t
PS4 E WHE-2 Fig. 3014 & 4= Q= vkel 2ol A9
168 hrsof| T3t A& 6 hrs2] 7% ¥F&-80] PMMA 79.6 %,
v o AE] 78.8 %, B33} Za]o| AF 69.2 %, ofEA] 15.5
%0]3L, A2 12 hrs 2] B8 PMMA 84.8 %, H]dof| AF
84.3 %, B33} Za]o| AE]| 75.9 %, of| EA] 45.7 %090
A2 24 hrso] 7= 9F2-2 PMMAS} H]Jof| AE| 7} 88.3
%, B33} Za]o] AE]7}83.5 % ol EA]7}68.6 %otk
ol 47HA] Eew A E gt 454t EE2 A
2 6 hrs® 1] 15.5~79.6 %, A= 12 hrs 2 1w} 45.7~84.8 %, A
2 24 hrs Y 1] 68.6~88.3 % =A] 24 hrs o[ 2] 27| A o]l 4]
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Fig. 3 Relative gain of compressive strength with time in polymer
concrete with polymeric binder type
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Fig. 4 Relative gain of flexural strength with time in polymer
concrete with polymeric binder type
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o) 4 WEgo] &7 trehie
274 U 8- Fig, 4ol 4] 2 4= 9Lz W} o] A% 168

hrsof| tat A& 6 hrs 2] 7= 2H&-8-0] PMMA 80.8 %, H|d
ol ~E 77.7 %, &=L 3t E 2o 228 76.7 %, o EA] 18.6 %]
I, A 12 hrs 2] 2E-8-2-PMMA 85.1 %, SX3} Zajo| A
] 84.2 %, H'DO|AE 83.0 %, o ZA] 49.4 %o]H, A= 24
hrs®] 71 9HE -2 H|Jo|| AE] 7} 94.4 %, -5} Za]of| A
E]7}90.0 %, PMMA 89.9 %, ©f|ZA]7} 73.8 %°| AT}
o|F471A| Ee|v A Eof i3t A7 HH &2 AH
6 hrs2) | 18.6~80.8 %, A2 12 hrs & wf} 49.4~85.1 %, A&
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Fig. 5 Relation between strength and curing age of polymer concrete
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