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Material Properties of Polymer—Impregnated Concrete and Nonlinear
Fracture Analysis of Flexural Members
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Abstract

The objective of this study is to develop polymer-impregnated concrete(PIC), which is a
newly developed composite material made by impregnating polymer impregnants into hardened
normal concrete, and to develop analytical techniques for its proper applications. Crystalline
methyl methacrylate(MMA) is chosen as a monomer of polymer impregnants. The compositions
of polymer impregnants and producing processes are developed by analyzing the effects of pen-
etration, polymerization, thermal safety, and strengthening characteristics, On the basis of ex-
perimental results of this study, various strength characteristics and stress-strain constitutive
relations are formulated in terms of the compressive strength of normal concrete and the poly-
mer loadings, which can be applied for analysis and design of PIC members. In order to provide
a model for fracture analysis of flexural members, fracture toughness, fracture energy, critical
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crack width, and tension softening relations near crack tip are also formulated in terms of mem-
ber depth, initial notch depth, and the flexural strength of normal concrete.

The structural analysis procedure and the finite element computer program developed in the
study are applicable to evaluate elastic behavior, ultimate strength, and tension softening
behavior of MMA type PIC structural members subject to various loading conditions, The accu-
racy and effectiveness of the developed computer program is examined by comparing the ana-
lytical results with the experimental results. Therefore, 1t is concluded that the developed struc-
tural analysis procedure and the finite element computer program are applicable to analysis and
design of in-situ and precast PIC structural members,

keywords : Polymer-Impregnated Concrete(PIC), Methymethacrylate(MMA), stress -strain re-
lation, three-line tension softening model, fracture energy, stress intensity factor, ficticious
crack model, initial notched beam, numerical analysis.
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Table 1 Mix proportion of normal concrete

W /C | Water |[Cement| Sand | Gravel | s/a  Slump
(%) |kg/m* kg /m} kg /m’ kg /m* % cm
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HEE DA RE 2 E9 5UdT FHlE ¥
Aglal7] 9ate RE ZAYUEN UF 7]EL] §
BHowadE ny & Yduiel g JgE I Ae
Saenze] 2d-S A g3t} Ao}
Saenzo] mul& 2 (4)9F ¢v}
E, ¢
0'p = E = ‘OD (4)
i & & .
1+ (=2 —2) () +(—=)?
Ep £po £po

o 3
6 0,0 TIgsE A FoIth 4 (DA

i
QA o A (DellM oln] Fejw R-&2] =



Al glorg o -wdE wAe ¥
o ARE-¥ g EK)I/EDO‘ s = 7b7b o] &
[

7t 7 “)‘C’]L} qu} Flg 38
—dEE A gaslel dlas

gl §H8-g 9] F4a Faedetgd e, -

= 2 (5), (6) 7 g}
Epo == £co(1 1 0.029P + 0.0085P%) (5)
E, E, )
— (1 + 0.186P — 0.039P.) (6)
Ep(i Lco

t
(kg /em?)olil, E 9F E (= ay /e,) v BE &
b

3N

~
it
o Pl
0

Qb ol o &-&hy: G A
sojr}, BEH 2F 4] uAde Hdeskvl sl
o} Zal f&o WE FHulv] S
o -y E BAS A, d3daet v
B3 At Fig 590 ¢k B4z, Ak
Sl -wMEH YA A¥dneg ¥ wdstng
Egv] Fragy e pxraidg e
Aardz e 7t5s Ao yaE, 2Ag

=
!
=
o
O
‘::
Orﬂ»
A
s
Ay
i)
[y
i

& oo gk

4. Q&g mE o] ZAIS}

4.1 otajelyel 24

4.1.1 @A A 4

B0 oAl Eaw AR sag B9 el
A @712 2|5b9] Jeng-Shah7} # ek ol w4 ut
An g (TPFM)'W S Hgsigom Ean 35
wAlge] type < AGH el Aol
+ Fig. 63 ¢}

b e o) I =4
?’_‘7L =

rhgd

6 2% 19944,

700 -

600 —
‘ ,',’/\AMAPMR Swt%)
Y
r’d

500 N/
E
o
~. 1
DC Il
- I
=
B
7

Normal Concrete

O Saenz Model
A 1 Carreira-Chu Model

% : Experimen:
: 7 ; T T ;
0.600 0.001 0.002 0.003
Strain

Fig. 5 Verification for proposed stress-strain
model of MMA PIC

1 ol s W /C H] 50%, &3
HW A S 10mm, F&E 45 257kg /cm?el W& &
RS AA-EH s A= 2.22~2,
48kg /mm?/2o] 7| ut, o 7)o MMAA Zjw 3
Al E 49wt % HE A7 Q) Alg-E skl A4 K,
B 4.70~6.74kg /mm® (1486 ~204.6kg /cm?® 2)
2y #ag R H|ata] 212~2.72u)] Zr}s}
&‘ 2 uErskrh, B Ao M Fig, 68 o] &
182 gASTE durstsiglon, o&
2 '5‘}@1 B ] H o] type‘ﬁ 25t g A-gY A
A T Ky / 6,0)
Sup b zlel kol vl Bl el Ak Bl AR
1%!,'4, L A B Al B 2 (7)
BB 3 Rk A (1) Eev] g HERae
: L Eh, 2] (8) BE

H_AYE

M

101



a0 9.04
E
£ 804
2
=
:—': 7.0 ° °
< PIC-A o °
g 6.0- s
;‘é \ ; T 5 c
PIC-B
2 5.0 :
12} - - 1l
5 : s
E 40 PIC-C :
171
)
=
7 303 NOR A g ;
S NOR B =Z=I5¥32§222280000z !
= 207 NORC '
5 |
1.0+ {
i - : MMA PIC
0.0 | ] 2 - : No'rmal C0|ncrete !
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Initial Notch-Depth Ratio(a /d)

Fig. 6 Critical stress intensity factor of PIC

Ky,
(=22 — (.326d + 0.052 : MMA—PIC (7)

Oy

K. .
(—)2 = 0.169d + 3.600 : Normal (8)

(Tl'C

o714 K= 488 g A (kg/cm*”)
0, o = Fele AFREAES} By 2HYE

o] #7}= (kg /em?)olu},

4.1.2 78 7g7ol

ol stumulo A AAGH S Algm9
HAAl 27) 1 g ddelA] b dE vt
sl B AHE ”] } ezl
ATHY B oAdpg RE ©
2 7] Qlevtd zloloh A T%Od zole] ¥ =
Fig. 77 7+ov, Fig. 78 o]&3le] ZEejv 3
5’—?1?115- HAHe 27] ?l%if%i Zlo]9} fF &
Aol o] WA TSt 2 (9)e)f 3ttt o
714 TI‘E_W‘CE]‘O‘ A Gkel 0}1/]1 Jeng-Shah 9]
ol fruba| muoll A ARbSH g AR ALFSE

& aeta

A
b
Sl

102

<—adi):<1.243~0.014d>(—g‘—)+O.017d‘0-12\r

(9)
0.7 )
0.6 4 - :MMAPIC
: Normal Concrete
0.5 ~

a./d
AN

0.3+ 4

Ry .

7 s :

L INORA™TS 0 /A ¥

0.2 S a,/d=A+DBla/d) :
N S =T ks

(NOR B2/, PIC A 1a,/d—0.126+1025(a /d)

MWC,A’ PIC-B : a, /d=0.045+1.099(a /d)

PIC-C :ap/d=0.001+1.135(a /d)

a, /d=0.123+1,065(a /d)

NOR-B : a, /d=0.078+1.077(a /d)

NOR C : a, /d=0.024 £1.095(a /d)

i T T 0 i

0.0 0.1 0.2 0.3 0.4 0.5 0.6
a/d

O'I‘l NOR-A:
|
|

Fig. 7 Effective crack depth of notched beam specimen

4.2 It ofjx|e| M

el s e ol ol ww u
o

b=l agt AdiAE 93

¥ s wAHe] 8F— A Y3 Ao
Bery #9Hs ANHAN avE Lol
D& nHe e HEWE el draae
=] 53] 1A H7bol gkt

wodel ] sas Belvl AERAE WA
el sl A o] oalH MMAA %eojm %A
7} gHgeE Een AREaEe] sl oy

¥ 36.02~57.14kg /m, 2% FAGE LT 6.44~
14.29kg /me] #9191 70 vhebuuh, %) 0] A
saanEe] s ouiAE AR 4w, 27

A

m
A

=32 =88 27



AHAu st Aol 2l é-r-’yzs—r: Qw87 7]
slabel A1ZH bl ou A HPwE e ks
Lol el g ;’;5516}911] BRI
FeLe B Al typetti AR shalely]
I+ Fig. 82} 7o,

wops e mEE Eelv 9 AFEe
s e

o] s A 4

F . . . a

— = 0.0018.63—0.21d — (4.41 — 0.03d) (E*)}

Orp
(10)
9,00 = -
Gy iy =10~ ‘x“\H%(a/d 3
PIC-A :Gp = 10730675 - LT (a /d)!
PICB :Gp o107 ‘x:h 18- 1.1%1a /d))
PICC Gy fag, = 10737302~ (180 /d)
NOR A G e, 1073 B - 3427 /),
7.00_4 NORB : Gp /= 107 3% 3 6=, 7070 £ )}
NORC & G Za, =107 3%, 753 -3 41308 <)}
g MMA PIC
RS : Normal Concrete
<
X
- S piec
-, 5.00+
(} NOR ¢ - I
= T .~ “~ PICB
NORB oo RO S0 pica
NoRA © TSeall o el
3.00 - el -\‘:_*.\ .
Tl T
e Teo |
o~ |
T~le
L0 —
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Initial Notch-Depth Ratio{a /d)
Fig. 8 Generalized fracture energy of MMA PIC

43 Q1EOI5} mUlo| ZAIS}

Ao @AE Hao Eishe v
AL HA o vl g o) eh ey 7’1%
s R Bl ofste] ol el g e
e 5 i, ols) g0l 4 AN el 4
gholl Al nlalgtedo] dute = 27bg gadsy o

9 (fracture process zone)ole}al & olsic}, wlal
A PERNSS 94U Hokslr] delM e A

O R

M6 H 2% 1994.4.

-3t ’H T

gz o

2
b

=

5

spA1 7 Flg. 9o (v } 3 (11 Fig. 98

LT

ot} HANANAL W
)i

SA7E 7 w54 po s S 2
Q

967, ‘%E} ”1 %J]'FIE‘";“_‘EIE] Ze

AR
or
«O\
O!
:\»
e
i
QD

7y ! W, W

— = 1+ A(=)+B(—)+C(=)?

o 1+A( W )+B( - )#+C( : )
i 1

AVIA gy EEw HREAGES] H-
Q

(kg /cm*)olH, g,3= 9l 2]

4 Wie-2(kg /em?),

wiit o, ¥ A H(cm)olr
-of] £ A= —3.6983, B=6
C=—6.3326, D=2.1478, E==

#FaeEo Aoz A=

wIagEe AR

T

H 5 A g e,

Tl

432 /1498wl ¥

%o ) g3t
Wt S TRE(

.8088,
—0.066501, W%

—4.4730, B=10.3547,
C=-12.5083, D==7.0374, E==—1.41699] 3]+

2) §}

ot 91 4t walel WA AL a4 o

2 e dhel gHew AR Qg

wEle A (12) 2 (13) 0%

oy 7], Fig. 9% A1#H

a/d® 3708} A, = ghals

g2l shey,
37
ol




E A E-gErEY SAE 105EE
normalize Al A ¥& % 480702 H-& =4
=3

GF:%(O}p w+oy Wito, W) (12)

W,
Un:O'rp—(Urp_o-rl)( wl ), 0SW1<W1

1

W, — W
Urlzgrl‘“(arl_aﬂ)( >v WISW1<W2
27 W1
c T Wi
0= 0o ) w, <w, < W,
c T W2

(13)

o714 wis e #HEH(cm), o= woll WS
He 79 28 (kg /cm?), 0,3 a8 370 A
el HIYo igsleE HE 4%eH
(kg /cm?), w3 w07 o0 HS3he T ¥
Z(cm)oltl, £ Aol A &3 379 HMHoR
A" Agdst md e ¥alg B}y vhg ) gk
=3

(Trp
1.0
: A
A 1E M
0.9 4. (o4 /o) — : Proposed Model
X --- : Regession Line
0.8
§
s 0.7+
7
g
o 0.6+
Lo
> 7 .
205 .
PRI Gy / Orpto
5 0.4+ :f:\\:/ ’
N [N
S g
?().3— S
2 : LIS
o la, ' - . .
02222 TRl | AI3EA
Orp . X (0'” /Grp)g
0.1 V'Vl ; We
> .
OO ; WC WC ‘;~\D‘ WC

0.0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Normalized CMOD(w; / w_)

Fig. 9 Generalized tension softening relation of MMA PIC

104

D A (Do gA=rd4S 24—3%%”} (o, 1]01
et Mgk Al 3709 AMow A=
AEdst mdof Wi do] FAstEE A Xé
of 15 AH I}

2) ol ® Fig. 99 Avky A13 M (0, /0,,),&
SAlE 2R F B 78 AP~
45P o) ol dhsted, EnkR A3AX (o /0,,)5S
e 7 WP H0.2P ~0) o sk zpz}
AE AL E Aok A2A (e, /o,,),
71€718 A1AA 2 A3 Mol & (11) 3} vhtes
Heo| AR RE Yoo

I

o
r 1
\ |
\ MMA PIC i

\ wy=0.188w,
\ w,=0.476w,
2 \ 01 =0.4746,, ;
3 \ 6501800, i
vb“ \.\ Normal Concrete !
§ \ wy={.149w_ ;
= \ w,=(.394w, |
% 6 =0.4%0, |
N 6,,=0.3440.. |
8 O \ '
—g :
S | O :
AN |
E | . G 3
S 1
<. | Fracture Energy

-‘ Tr2 !
| E— |
Orp :
0 e :

o -

Normalized OMOD(w; /w,)

Fig. 10 Proposed three-line tension softening
model of MMA PIC

2x g 4%

3) the 370e] Aol o]
ol 4 (11)e) gkt X heF A2
Wnge AYAT oleld YL Fokel AFH
0% £2d e AREAIE @ wE 229

2

W& Fig. 100 AlA " npet 2

S EMHH=2Y



5. & A2l H|1& mpafsi A

5.0 X m 24

gadEze) s ASE s Het7] glehAl =
F el WA, 49, Auage wshsieof
ahul, H141Y sl oot o] gl <trehi: irdn
i+ 2

2t 74
(CBM)
s A geilz ok

5.2.1 7Pt et T

1
:
e mde ol gd wa M A R
rel e

=+

ng
T
T
N
2
>

I‘.

7351‘—1% ‘2 21 5] 52% el HH S ] A we
T, o8 eAEE ddAERE 1dH ddaT
g A AH. B9 @ A oA o wheba] 2

7] - gardol gliz FnAel 4ol Al sk
o] Ao sty o] Wutn vl Al
&, 27) elairdoe] Uiz Aol 4 (7)9] 9
Agd gt Aol sshH s o] A ukE 7] A
zghet,

i K A [ 2 R R = B
Aol wglol diat Mg, wE *d‘.%ﬂ “h-8-5}
= Yo Hyx “‘BH = 9l
sl FARAR Ve ol A el HH
o #3847 11'*”“401 g Ao, ols ey Al
olgbir A e ghch 10 &3y 12]
rabH 2Hg-ahE el el s Li‘?l 23?‘{’}‘—*1-5 9]

Hom s idAN M szt g

i
pu
X
T
LIt
{
Hu
giid
AL

,
&1
-1

113 2o} Fig. 1104 23 vpe} o) e
o syl ziaig el ol e el AH io 370 2

H 63X 2% 1994.4.

Moz PASE AFAS R A hsha] 4
d Y 2% Q7 488w, 2o ol 2
48 HHANNFAE) S wa Yok ol B
dHA 1~n7bA o] FAE wy~wis 24 (149} ¢

ol n7he] WA Ao 7 FaEI )

W = J‘_\: KyQ +CP (14)

A71M, wier B il MY wdH, Qe B

el e A, K 94 jo @slstzol

88 8 o RS EE, CE A e
oz wslatEol g d W WY M9
AE, Pl 4 gagolr)

A A AL G e
el Belgrh olu ¥l gyl 4 8eh 57}
#9 Age e gl win, B Ay
o Bohite ARE S HA AP FrE 3
w4 (15)9h qrup o0

Q =abagy (15)

ol

A71M Qe TV 2, ae #eldEH e
AW A, by B E, gy 3 HAdor g E
= oladst mdlell o gl o d d9k-g ol

P==1: Unit Load
[

———— e ta!

Qat> b .
~—27> Nodal Force QB+~ Nodal Force
- K, : Crack Opening Disp.
) ¢y ¢ Crack Opening Disp, “-Q, =1 : Umit Load
[ R
s o) B =
e
—
) b
Q-
: Cntical

Nodal Force Q, : Crack Closing Force

[ad

Fig. 11 Crack propagation analysis of initial notched
beam specimen

5.3 H| M & nmtasiA 2Hy

B oATM R Y sty wge A
A g el A gl Agel dHee
105



g s sl A

]
5) whAl 5 A e Q1 EAst As sy

>
U
2
i
1
I
—""
N
=
{0

6. 22| EFZ32|

im

A2 utn|oh

(b/d=1. € /d=3)

b x d x & x §
PIC-A-Series= 15cmx 15emX 4SemXhiem
PIC-B-Series- 10cmx lcmx 30cmX40cm
PIC-C-Series=7.hem X 7.5¢m X 22.5cm X 32.5cm
(a/d=0.0.0.1, 0.2. (0.3, 0.4 0.5}

Fig. 12 Analysis structure of MMA PIC

6.2 oA 2=

N
-
4=
s}

"
X
2
oA
1=

1

—
&

o
ik
o
o
a2/
S
R
rir

2
oA 2HEeH oz Attt
S&(P) 4.9wt%, K% FAlEQ 354X (o)
257kg /cmolm, e 1l ol AP R Fe]w
NeEZANEY PFHH%(0,,) = 654kg /cm®, &
A E,,) = 424,046.6kg /cm®, 17182 Bty
A5 (K )& 214.48kg /cm®/2, k3] ol = (Gy)
1= 0.528kg /cme] v}

Zeju YREEZAYUE fH¥-AE Wder a/d
20, 0.1, 0.2, 0.3, 0.4 2 0.5% #AsA7|HAA A
st = Anp g e Wiet M UE A

Axpol vlad Avbe Fig 13 2 149} b 24

0

Aupol Al K wpe} gro] 2 date] a A=
ghA gk, srekekd el 9 ldist Jefel o
shod mF MEdvbs vluA F mEs slog

L 58l 27] Aol 972 sty
Gl e § @de] 2w AW sheln H A
o) shg Agirelo] 2l Pasht Ao m B
Qi ot Fejo] YEZALEL 27150l

N3re ARSI oz ek,

5000
M [’ MMA PIC
' B FIC A Senes
85004 e aza—o. J5emx Lcm x 45
f | ‘ RBeam Specimen
! (b/d=1 € 7d=3)
4000 i x - ¢ Experiment
b -~ Analysis
: - t ' 15
007 ta/d=01  w T ;
,,’ /l ‘\ RS ureTri
30005 ¢ -" -
-
=
A 25004
gt
s
S 2000

1500+
10004

50041

0

0.0 03 06 09 12 15 L8
Load Point Displacement, ¢(mm)

Fig. 13 Analytical results (P-LPD Relation)

EEELE EXr



5000 - )
f MMA PIC i
" PIC-A Series H
450()“’11‘ Lsem > Lsemx 45em
i: ‘- a/d=( Beam Specimen
i thid=1. £ /d=3)
400047 1| : Expeniment |
B R T Analysis
L \ i
3500, I [ T
! J qF
- —ri
el “J
1 ) v
0.0 0.3 0.6 0.9 1.2 L.5 ].8

Crack Mouth Opening Displacement, CMOD({mm

Fig. 14 Analytical resuits (P-CMOD Relation)

1.2 B

2 AE gt dolrl AEE ot ¢k

1) Forl AFEazise] gr s 54
o Fevl gl Srtdas A Sk
Mool o] o
Ky
¥ R st
FAwet Zev &l das eassile
22 MMAA %2)m PFEA7E e Ei e 3
5y Al PEEagid Hg e dew

Abs g ok
2) ¥ A-polME

of w49 A5 o Gako] vAfs| 2
ES ?P”QVPWlﬁ*QJFM} A st

e ]l f}%} 5= Bl o}ow
3) H oolaroll A st MMAA Zel HHRE
ﬂalf: gl el vME shaaf ] v 3 e

M6 A 25 1994.4.

AA

2]

[

6.

10.

. Dikeou, J.,

. OKREHRE, "a. 27—t

. Byun, K. J., Choi,

. ACI Committee 548,

. BRARUY, FHIE,

. Bazant, Z. P. and Oh, B, H.,

Zaafe 2vdde] Aol qrehA] g

Ha-Ae] shg -

A% it A

Age #wedala Qi Ao AhrHr)
I

et al, Concrete-Polymer Mate-
rials, Third Topical Report, REC-ERC 71-6 and
BNL 50275, 1971, pp.1-107

R U e -BHEROR

Bl &M pastEnn”, oL 7 — b TH, Vol
28, No. 4, 1990, pp.5-17

H. S, and Lee, S. M.,
“Development of Surface Impregants and
Polymer-Impregnation Techniques for High-
way Concrete”, Proceedings of 6th International
Congress on Polymers in Concrete, China, 1990,
pp.765-772
“Guide for the Use of
Polymers in Concrete”, ACI Journal, Vol. 83,
No. 5, 1936, pp.798-829
TEele AR e A g
A", HEE R
BEG UK, B12%, BIK, 1992, pp.71-84
Jeng, Y. S. and Shah, S. P., “A Two Par-
ameter Fracture Model for Concrete”,
of Engineering Mechanics Division, ASCE, Vol.
111, No. 10, 1985, pp.1227-1241

o] AP E BEAd s o

T

Journal

C RN, W) - SERIRE RIEY S E
Wet ol JRBUMBISIIENTT, Aok L AB e Uk,

A%, H4BE, 1984, pp.1-11

. Modeer, M., A Fracture Mechanics Appoach

to Failure Analysis of Concrete Materials, Re-
port  TVBM-1001, Building
Materials, Lund Institute of Technology,
Sweden, 1979, pp.1-102

Division  of

“Concrete Frac-
ture via Stress-Strain Relations”, Technologi-
Northwestern
Evanston, Illinois, 1983, pp.1-38
Petersson, P. E., Crack Growth and Develop-
ment of Fracture Zones in Plain Concrete and
Simular Materials, Report TV BM-1006, Division
of Building Materials, Lund Institute of
Technology, Sweden, 1981, pp.1-169

("X} 1993. 12. 16)

cal  Insti-tute, University,

107



