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Effect of Intermal Curing by Super-Absorbent Polymer (SAP) on
Hydration, Autogenous Shrinkage, Durability and Mechanical
Characteristics of Ultra-High Performance Concrete (UHPC)
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ABSTRACT This research intends to understand the impact of super-absorbent polymer (SAP) as an internal curing agent in
Ultra-High Performance Concrete (UHPC). Two different types of SAPs of acrylic acid (SAP_AA) and acrylic acid-co-acrylamide
(SAP_AM) were examined with UHPC formulation. Isothermal calorimetry and x-ray diffraction experiments revealed the impact of
polymers with the different chemical bonds on cement hydration. To test its feasibility as a shrinkage reducing admixture for UHPC,
a series of experiments including flowability, compressive strength, rapid chloride permeability and autogenous shrinkage profile
was performed. While both SAPs showed a reduction in autogenous shrinkage, it has been concluded that the SAP size and chemical
form significantly affect the performance as an internal curing agent in UHPC by controlling cement hydration and porosity
modification. Between the tested SAPs, SAP_AM which absorbs more water in UHPC than SAP_AA, shows better mechanical and

durability performance.
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Table 3 Chloride Permeability Based on Charge Passed®

Charge Chloride .
passed o Typical of concrete
(Coulombs) permeability
. High W/C (>0.60)
>4,000 High conventional PC Concrete
2,000 Moderate Moderate W/C (0.40-0.50)
~4,000 conventional PC Concrete
1,000 Low Low W/C (<0.40)
~2,000 conventional PC Concrete
100 Verv Low Latex-modified concrete or
~1,000 y internally-sealed concrete
. Polymer-impregnated
<100 Negligible concrete, Polymer concrete

322 | etE232|ESE| =2 M[287 M35 (2016)

A71A, e, A71FFH AHE(um/m), €, %Etﬁ
EAHA &2 A FF A E(um/m), ATE %
(20°C)8F Al W 222 2}o](°C)

A7 7Sl ogk WYPES AHY T]Eo] He 54
2k Aol whet A717F dEbth UHPCS] 27|+
5= 4Fs] A AeiMe A 271HE S
Rggefojol ghry. wkep S o] B F- 24A1%F o] %
& g By, Arlg Zoi HAsh= Hygs T 4

o] ALY B go], FFAZ Fdo] EYHA &
UHPC®| 7|52 XH% 24| 3E ofufell A o] dwk o]
7go] WAYEkaL Y SAPS &%t UHPC= A% 24417k
ojiell LA sk TS A7 st 53] a4
A RO Z YERHTEY olgfst 54 A& Al S A4 e
el o] AFtellM = AT 24417 ool 253 25
=439 2239 £ 5 Freshmor P2 Pundit lab plus
o] ¥ 54 kHz EWNFA A7 Agetes =43 &
| & o] g3t SAsk3th UHPCY BHE & =59
Tt w48 el Aldeke Aldle AR 9
T7F HAY = ARHoRE HEskal, o] Alfle Al
574 A1 Aoz AR

Oﬁi_ﬂir&l

go
=]
5
1%],

NI
O

S
e b by

3.6 &34, XRD #A

o
fE =
rimetry) & ©]8-3 A & AT 54 A

o} A AdEeH, UmA Arso] =3E 10 ¢
° JﬂOV\Eﬂ ZF 2 AR E QI ka2 F 3Y
1 SAEeH, d9dae] Adde Al
AT S 23] AAsIlrh E3, I E ARlE
T ol & fl&l F3d 54 A
Eéi ]

]ﬂ&ﬁo@ H

3.7 SEM &Y

SAPo] £%J¥ UHPCE] m|A|l7-2E E18t7] 913l Scanning
Electron Microscopy(SEM) &
AM 0275 v E-S o] &3t v u}
Al A, T3] Aok AEE ARAT F oFAIE T
dste] wAlF2E LGAIF -
AR A W= ZWS &

41 &L

289) AERE SHANE Table 4] Bt d FFBA}



2 YERitE 94 SAPo] £EA] &2 A9, UHPCO
E-AWE 8(W/C)7F 0215914 02552 715l wat
16.7 MPa H+= 12%°] 7% 7HAa7h wAskqltt o]efst 7t
2 A ENA YERGE ARl Aol ARk UHPC
© 53] w/Cel & HEAE Wsrh wle wzksHAl
doh= A #Q1 3 = Sl SAPo] E41¥ Al AA_
0.2552] - Wt/C7} Ref 02559} FL3}al Ref 0.215 X
ot 0.04 O =So% B8, YFAFET Ref 02159
Kb B3} 23% ©] S, Ref 0255 Xth= 10.6% T %7
Uebsth dA Al S 7P B2 Eol £91¥ AM 0.275
o] Y M = AFUEE UEITE 5, Ref 0215
4] 3.5%, Ref 0.255 thH] 11.7% © & &S o}
ERYith. UHPCel SAPo] &S1¥ Aol x23d &9
ol 7t s AT %O}Zlb %94

o

(m
o
m of
Mo
TS
=4
iy _|
rO‘
o)
ogd
o ¢
=
huj
)
N,
§2 T
39
_il
[
o, i
rO‘

el B, SAPS ©
QA FEFEE A 0}213%, o]# 3t kAol = SAP AA
Bt} SAP_AMo] 1 &34l AE FRIg 4= it} t&E
©], Table 4°] AXH GFAE 54 AHE &
9 Hasholt et al.'®7} AF3F &S stagd 4
SAPE] T £4&, 181 A
SAPo] ZAYE o] FuF A= H9, S
7O = u

7S E9435F11E UHPCY
4.2 RCPT

UHPC®] Wi+
= Table 404 &
= e " EEEHAY -l
23 AR BARE dd" 5 QlernE, ol
RCPT A= UHPCE W7ol Qo] T3 #stoltt.
Table 3 AAE 5+ 7IFS
0.255 ¥ AM 0275+ A3l Fdel] W& WA dFS
FAE 7 QAY wlg W2 FFEo|t) o] e uhe
W/Ce] ZEAAE FIYE Htp gon, FEu 3 2
vt E9d ZAYE B iR ded 2aEd
ettt et Ref 0255 st §3 357 22 5

Table 4 Test results of UHPC

A g5, Ref 0.215, AA

Compressive | Autogenous
Sample name strength at | shrinkage at RCPT
p 28 days 28 days [coulombs]
[MPa] [wm/m]

Ref 0.215 142.3342.08 828 98
Ref 0.255 125.67+1.15 - 4458
AA 0.255 139.00+1.00 499 351
AM 0.275 147.33+£2.08 417 122

Ref_
0.215

Fig. 3 Specimens after RCPT

ol aFstn, o= W/IC7F 0.6 o]l ZEANAE 23
2] E A L‘rEPer 2] o]}, wheba], UHPCOIA W/C]
S/t EES teol W dekA 2 FOo® A
24 3le Jo® yehth

Fig. 32 RCPT $& ¥ Al %9 ez =

H &9 A5 9s Hepdth H5 S5 W FollA
3.0%2] HSHEF &N JHT ol Mk ofeff ARt
< o] wAEkelaL, 0.3 MO A EF &3t
A& U8 el Aol A3 WAsA skokeh 34
AES AV, o dthE Ref 02559 EHAM 714
27 Bao) H%ﬂ 8191 oM, Ref 0.215 2 AA_0.255 3%
Ao M oAl oo whgskgich. Wb, AM 02759 4

N

l

¢

-+ Ref 0215 thH] da} &3} 3¢ 243] o WAL
E?ﬂ A2 AL WAEA] ekokrt.

P Z3ol ©hE RCPT A& ﬁﬂo} SAP_AM%
01%— s H%%O‘:*ﬁ(AM 0.275)2 UHPCY #¥ 72 ¢35}

ZOE JERRAI R SAP_AAS 01%?‘& Rl
%W(AA 255) ol gt .&47} LERLEA] Rt B S,
T YA AM_02757F AA 0255 Bt} 2293
H 7‘42;171 quoﬂ, A3t 22 QA HAFA] FAy
7Fs7dol B Witk meEb FEAESL tEo] RCPTOIAM =
SAP_AMO] el Bt Aghst Zlow 8l ﬂi’iﬂ}
SAPY] FFtel wt RCPT A7} Aol & Vb=

12 SAPJ T334 #o], SAPe] UHPC U H-of 4] 6“*
g e Aol B WFFE a8 Al (@A
- EH A BAF-2] DSt 9F) 5ol 7192 = 3l
ok e A HSE SlEiA e

Qsit.

0,

7149 477} 2

43 XP|5=

A Zbel] e A7 4F WS Y495 Fig 49 o
ERATE 18] A5 Hw‘r Zo] UHPCS A7|F5E 1
T z7] AFLAA 5438 dAsk=dl, 7] UHPC Al
A<l Ref 0215 GA| o8 AAS HTh = AE 28

TETY SXI(SAP)E 0183 LIRYY0| 2uds 232|E(UHPC)| #5118, A7 |eF, 7Y A HotA E4o nlxl= & 323



Ref_0.215

......... AA_0.255
., === AM_0.275

r
=}
S}

B

o

=3
L

&
<}
s}

Autogenous strain [um/m]

&

s

o
L

Time [days]
-1000 i

T T T T
0 5 10 15 20 25

Fig. 4 Test results of autogenous shrinkage

o B WAT AVN5E WS F o WS 27 A4
ol wAsigon, urk AAAL Fig. 52 2ol
shgo] FA%] S AR B F 1AL
26217 Atolel A olel gt AT A7|FEE wAsl

= Hl AA 0.2559F AM 0.2759
739 o] ANztfol| A W& S=3ldo] Ref 0.215 ¥} O

Weo|w sy, = u &3 3 w2 E B8}
T esld o we A)4E NP GETh 5ol
k- gko] 7kAadly] A Zsk= B F ok 2647k o] 31
Bl 02159} AL 5%

& b olelE 25

=

£ SAPS E9J3 F A]HE Ref |
5 of wa}, SAPF 710
3l T 27 AR Lol
U= 343 A55 :i*o:% A1 02X ThHEst
v dE Uy=E 4= Qlu) sk, Table 4 1 Qg 4 3l
% 28 FoF WA 27| E HEES Ref
0215 /\Pu 7% 828 um/m, AA_0.255 A|HI} AM 0.275
AL 7+2F 499 um/m, 417 um/mE AISE Tk Ref 0.215
AA TiH] AA 0255 AlAZ}F AM 0275 Al 77t 329
um/m, 411 pm/m THEQ A7 145F AdadE yeRdl o
H, ol ZH7F 40%2t 50%°) 6}1%}% ?%XV.% F }o]
th SAPS Zst F AEET A E AganE
ERAI Y, SAPS] Frell whek ZVH# AFolA Apol&
HAE o]#fgt AFAfoli= 53] 26A1%F o] 27] A
FA oA Yebskt) olw] vk 24742
0.255¢F AM_0.275 Al3H°] Z}2F 140 um/m, 30 um/m 78 &=
2, ¢F 110 um/m&] 0] AA 0.255904 o] v th
A= olgfgh 7] AFLolA 27145 Aganrt A9
28U47kA] 71043817 wiioll, SAP_AM©] SAP AART} U
FFdes B A7eS Aol &l SAPl A

ox A& Wz

44 34, XRD &M

OFO

A (Isothermal calorimetry) S ©]-8-%F

3 ZAANE GEAT, Ase] AT E HAS)
9

=2
el sdsh 2o R 23] SN, T AN
2 st § AN AHgsTh SA, sape] £

324 | et=232|ESE| =% M[287 MI3=(2016)

= HYE2 AA

0.0018

00016 1 Ref_0.215
0.0014 4 S Ref_0.255
—. 0.0012 4
s
0.0010 1
E
Z 0.0008
5
+ 0.0006
(0]
T
0.0004 4
0.0002 +
0.0000 1 )
Time [hours]
T T T T T T :
0 10 20 30 40 50 60 70
(a) Hydration heat evolution
100 4
=) ]
S e
=
(o]
2
o 60
=
®
2
= 401 i
o i
Fi Ref_0.215
7 Ref_0.255
20 J AA_0.255
VY AM_0.275
Time [hours]
0 T T

0 1‘0 2‘0 30 40 5‘0 6‘0 7‘0
(b) Cumulative heat of hydration

Fig. 5 Test results of hydration heat

B2 92 F Al Ref 0.2159} Ref 02555 H| WK
W, W/C7F S7Fskel whet o @2 Feldo] WEEE A
2 3ol 4= it} o]E] s Adyl:= W/C7ZF 0.42 o]skel =
A= ES] B WIC7F b s HE T St
Stobs AV A St TdEeA e dgEe
AHE 3} H]-éloﬂ o3t Zlojng, =Aw F£3ldo =
7he Ax ARE FembgA o] Frhsh AP 0w A
He} gz SAPO] ¥3H AlES A HEY) Fig. 5(a)
ol AA 02559 AM 02757} WES HY IS
Ref 0.215 KT} @t} o312 koA A3t npe} o]
w/ce] F7F 1oz A 7hsstth 1eu, AA_0.255
S} AM_0.275+= Ref 0.2558} TLstAT B @2 4] &
S XFsH Yol E B eta, WES H I 2
sy o WA dElsth 53], AM 02755 Ref 0.255 4
AA_0255 ®HT}t o] B 58 Xt Jl5elE Est
i, w3k WEo] F7kske AL 8~26A1%F Akelef]

=]

A olgRY o W2 WEHS JERIY. SAPe] g
AR Rl SAE T FHE W A A
A5 Holi= oF 2647 o] ¥ et o] ?7%11*1
T SAP T A FC] 3 WEFO] Ref AW E BT
sl ¥ sk 531, AM_02759] A *é}"ﬂ =
FE Fig. 5(b)°lA elsl ®d, 26A13F o] F5-E A %4
o% dFs WESL, JYIok 2413 o] HE = e
AR T M B rAGE dEIt S, Asel F
ahar Qld &8 26413F ol el WESAL £RehHs 20



ofel, Ar|Aow s WEL ANES} F3Nkg
6‘]'% _h?‘oo]:}\g }:3‘_‘7’}"5 = E%‘]’ﬂ] E_O%-i—q- ]’4—}\] IQ-:O‘H’ 52
Al7F o] HE A7|F 07 7MY =& 32 Vel
7]—;‘5 ?01] w2 UHPCY 984 Ae w3o] EAL
Al gdo] QItk? mebA, AM_0.275

} RE AE F M B2 deles
5 o]:}‘g ﬁ_ﬁroﬂ w2 z)&A0) S=3hukgo] 7]ojte}
Fig. 73} o] SAPS ZAZE UFolx Aoz 2

o)= -

= AEAES AIeE AEs e 2Rl
UHPC UlFollx o @2 &5 55 9 AZE 5 3

I o] AT AHHQ] FIEgo] Fojgitta &
Qom, ooz 22 A e Zo] 3313t Z1i5(Anionic
functional group) W=} 2
dEAH o7 ke nHr)

W, AP FAS 93 AP 2804 BE A
o] tjste] XRD ¥4& AW Fig. 6@)% 2ol
A9 AFENS A9 JEUE FAio] HgHY
o} o]# st ¥4 A= Fig. 6(b)ell F 28k} Fig. 6(b)
+ C-S-H ¢} Au7t 3 22 vdd 245 A3t 7
zke] Aol EAsks AdddE ke A nluE o
Bl T3olth. webq o] Ao 2t Al 2 Wl
t 2sbsst olgh g GARE Brek, AgE
A E = defo] E(Alite)9} Eeto] E(Belite) 7} 94%% T
RS At i AL Fe & Yk 7)E A

A= W/IC7F 0291 UHPC?] A™ 289 HFE 3t
57.5%2 Baskgiek o uhux 42.5%9] AJRES}
v g R EAsE 28 dvat) Fe 62 59
gl & QA= AME, AE 28 $-9] B= UHPC A
Aol 4] Thae] efol =gl Wetol £t ol gtk Aol
o Z, gl ARMES £ah $Hs] RS ek
o}
o]

s

E AN AR F NPl bg B
(e}

1
A8k gl ol A v wWhegh FHARTE 7]

XRD B8 E3 A8 28Ux mE MZ

2] ko AW EZL AEAo|A] thEko g EA st A}
28 Felatadn) olgld AR dolo] HQF ol g,
SAPS o] &3 Ukl adrt A= A7AQ) e
of ok A&A 1 ool gk A, o= AF
28U = B3}l SAPO] EehE A 9ke- 7] UHPCO]
A tEFe] 8 R 9 AlRIEZL EA)sto of s skt
T3k, SAPe] &Ft 71 4Ql FREEels Bkl A
UHPCE] ¢Hd3t =8k o] Fol X% b AMIE 24913}
Atk eivh T ES] Boh FEge JgRAs 9
A R EEHS o83 exsitu XRD #4 & F7}
2gle] sttt

4.5 SEM &3

A AM 02759 SEM #9 A= Fig. 70 YERA
ok AR A Fig. 1(b)2F 22 SAP_AMS] 28 P4}
FUI FHlo ¥IFES 1T 4 Qlth ¢ =0, o]# st
5 Uiele B8 HES U EolE HHE &
AleH= SAPo] ElE ). uhebA], SAPOI ZAYE YH
b BAstHA 5 Fstal, 248

_I

FE o

N

o4 Apale] H

Dried SAP C

P

Agglomeral
S Air void % Fine
. aggregate

Fig. 7 SEM images of AM_0.275 sample

80

10 20 30 40 50 60 70
Position ["2Theta] (Copper (Cu))

Quprtz
s Alite
Ly % Belite
o
S == Quartz
S ¢ 604 [ Ettringite
% % B Portlandite
gf
g2
w2
ELw
Alite =7
Quartz Belite ez
. Alite ortlandite Quartz Pl
. Aite Quartz Alite Quanz [
Ettringite Ettnngltsj Quartz Z o
PR N A K A s A,. LN © s
T T T f & £
©

}M LI . _,._,\..Jﬂ,,..z), Yo, A'P" &w. st ,,,..Jk.h. _M,,_,M,mm_————-—l 0 T
cement

)
S
AT ——
TSN
AR
ORI

Ref 0215 Ref_0.255 AA_0.255 AM_0.275

(a) X-ray Rietveld analysis on AA_0.255 sample

Fig. 6 Results of X-ray diffraction analysis. (Quantitative analysis in (b) is

DESY AXSAP)S 013 LAEQHMO| ZMs ZI2|S(UHPC)O| 231813, AP IAE, LTy 2 %sta SN0 olxls &

(b) Quantitive X-ray diffraction results

performed for only crystalline phases)



o] ATeINE SAPS o] &5 =
T%;w%ﬂuﬂﬁéagﬂuun:@%%
g

A7)
13 9 A5tk Ao A ofel g} o] e

TEAFAE ol &S 73 S, SAPo] £4)
¥ F AHAA 0255, AM 0.275)9] 4% I W=
ol Hdi7lh W= AR o] F(26~-30A1hHFH 53
7 N (T2AIZH7HA SAPO] ] E A ke F

H(Ref 0.215, Ref 0.255) Bt} ¢ &2 I W&
S FABAE 5, SAP] o3k B} & o)1 4

73F 2623t o] FNE M w2 AFUES UE
R, A= 52413 o] FHE = vHE WEYe] B

2) XRD #4]

3) 28 AFALE SHAH, SAPH FTHEE U] &4
o & E5-3kaL 7] UHPC A]HS] Ref 0.215ThH]
AA 02555 2.3% U 92, AM 02754 A9 3.5%
O 52 45 EE L‘rE}M . 55, SAP& ©| &3
,l?_oob\g_O_ UHPCC’ﬂ }\17_}5]_ 01—7-7h: x1 ]_% 1—,\
7174 ¢kgkom, @3]e] SAP AM QA AFAE
7k o skl

4) W4 F7HE 918 RCPT 3 A¥}, Ref 0215,

A

J}ll :(o

AA 0255 E AM 02755 A3l 53 355 FAg
I JAY ¢ F2 S0 F eI o]

gEA 5 MUt 2909 F3EE =& URUt
UHE ZAYEA YERE Folth 2eu
Ref 0215 tjH] E-AWlE #]7} 0.04 ¢ F713H
Ref 02554 g Adst SR TIF =2 FEoE
_1:]7].Q E‘Ddoﬂﬁ /\171—8]— ._[_._ro _[_/\10] ul/ﬁ
skoith ¥ ‘?i, AM 0.275+= Ref 02159 AA 0.255°]
A gt W FA i) e w2 s

SRS

326 | et=E232|ESE| =% M[287 M35 (2016)

EATFAR S ATHH (1374 ATA02) <]

5) Ref 0.215¢] 79 28 -s<t Ay sh }7 9] 9?
ARko] 27] A L8 o,
AN G5 AFETE olest 7] AlE E’OM H“ld
ks w4 AT H @S SR Vs

LA 28 A MEES
Ref 0215 A]0] 828 um/mz 7] =H 1 0H, A 0.255
AlAI AM 0275 ASEL Z4ZF 499 pm/m, 417 pm/m
2 27 40%, 50%2] TEAZ 24E dErl

6) SEM &4 £ on|#] A& F3l] UHPC UlF-elA
SAPS] o2 PAHH TFES IIsGitt o)

[

2> ZIE %'ﬁ}ﬂrﬂﬂw st &

ZEota ARl A SAIRE, SAPOl T 9

stAA FgA7] #%—‘é—% ZABES] At &
o[ IZuj® do} Stk ARLS ISt

7) WF-FA = SAPS] Firell &Sl o H, SAP

AMPO] SAP AAX.T} UHPCS] Wi Adol xc) 23t

3t =0l A OE §Lo]5]041:]_ ] 18]— 2L F

1

T 833 MPa (6%) %7} 2}71 i‘ HE S 82 um/m
(16.4%) 7+, RCPTE ©]&3 W74 B7HAl A3t
T3} 3|9 2293] (65.2%) HAS AR Sl SAP
Froll w2 UHPCY =574, A=, W4
tol= Wikl gl 79 FA4% 9
AlstH, ol= Z2} SAP_AM9| 7] A1 43}
Y=3 UHPC UYFolxel F+% H7has
(SAP_AA 5599 2u o)Zh=Z Flstsitt

ne ool ofi
ror

AR =2

<
3
)

glom, sk FIATLREIY =57

o] ATE ZEPER/ZED 1].151—7]/K A7)
2= 3
T

25 A

9 Wekgrth ole] FAEU

References

1. Jensen, O.M., and Hansen, P.F., “Water-Entrained Cement-
Based Materials: I. Principles and Theoretical Background”,
Cement and Concrete Research, Vol.31, No.4, 2001, pp.
647-654.

2. Lura, P., Jensen, O.M., and Breugel, K., “Autogrnous Shrinkage
in High-Performance Cement Paste: An Evaluation of Basic
Mechanism”, Cement and Concrete Research, Vol.33, No.
2,2003, pp.223-232.

3. Eppers, S., and Miiller, C., “Autogenous Shrinkage Strain of
Ultra-High-Performance Concrete (UHPC)”, Proceedings



10.

13.

of the 2nd International Symposium on UHPC, University of
Kassel, Kassel, Germany, 2008, pp.433-441.

. Dudziak, L., and Mechtcherine, V., “Mitigation of Volume

Changes of Ultra-High Performance Concrete (UHPC) by
using Super Absorbent Polymers”, Proceedings of the 2nd
International Symposium on UHPC, University of Kassel,
Kassel, Germany, 2008, pp.425-432.

. Loukili, A., Khelidj, A., and Richard, P., “Hydration Kinetics,

Change of Relative Humidity, and Autogenous Shrinkage of
Ultra-High-Strength Concrete”, Cement and Concrete Research,
Vol.29, No.4, 1999, pp.577-584.

. Kim, S.W.,, Choi, S., Lee, K.M., and Park, J.J., “Autogenous

Shrinkage Characteristics of Ultra High Performance
Concrete”, Journal of the Korea Concrete Institute, Vol.23,
No.3, 2011, pp.295-301.

. Meddah, M.S., Suzuki, M., and Sato, R., “Influence of a

Combination of Expansive and Shrinkage-Reducing Admix-
ture on Autogenous Deformation and Self-Stress of Silica
Fume High-Performance Concrete”, Construction and Building
Materials, Vol.25, No.1, 2011, pp.239-250.

. YOO, D.Y., Park, JJ.,, Kim, SW., and Yoon, Y.S.,

“Evaluating Early Age Shrinkage Behavior of Ultra High
Performance Cementitious Composites (UHPCC) with CSA
Expansive Admixture and Shrinkage Reducing Agent”,
Journal of the Korea Concrete Institute, Vol.23, No.4, 2011,
pp.441-448.
. Bentz, D.P., and Wiess W.I., Internal Curing: A 2010 State-
of-the-Art Review, NISTIR 7765, Institute of Standards and
Technology, U.S. Department of Commerce, Gaithersburg,
2011, p.82.
Jensen, O.M., “Use of Superabsorbent Polymers in Concrete”,
Concrete International, Vol.35, No.1, 2013, pp.48-52.

. Jensen, O.M., and Hansen, P.F., “Water-Entrained Cement-

Based Materials: 1I. Experimental Observations”, Cement
and Concrete Research, Vol.32, No.6, 2002, pp.973-978.

. Mechtcherine, V., Dudziak, L., Schulze, J., and Stihr, H.,

“Internal Curing by Super Absorbent Polymers (SAP) -
Effects on Material Properties of Self-Compacting Fibre-
Reinforced High Performance Concrete”, International
RILEM Conference on Volume Changes of Hardening
Concrete: Testing and Mitigation, Lyngby, Denmark, 2006,
pp-87-96.

Snoeck, D., Tittelboom, K., Steuperaert, S., Dubruel, P., and
Belie, N., “Self-Healing Cementitious Materials by the
Combination of Microfibres and Superabsorbent Polymers”,
Journal of Intelligent Material Systems and Structures,
Vol.25, No.1, 2014, pp.13-24.

. Mechtcherine, V., and Reinhardt, H-W., “Application of

Super Absorbent Polymers (SAP) in Concrete Construction”,
RILEM State-of-the-Art Reports 2, RILEM, Bagneux, 2012,
p-164.

15. Monnig, S., Superabsorbing Additions in Concrete: App-
lications, Modelling and Comparison of Different Internal
Water Sources, Doctorial Thesis, University of Stuttgart,
Stuttgart, 2009, p.164.

16. Igarashi, S.I., and Watanabe, A., “Experimental Study on
Prevention of Autogenous Deformation by Internal Curing
using Super-Absorbent Polymer Particles”, International
RILEM Conference on Volume Changes of Hardening
Concrete: Testing and Mitigation, Lyngby, Denmark, 2006,
pp-77-86.

17. Craeye, B., Geirnaert, M., and Schutter, G., “Super Absorbing
Polymers as an Internal Curing Agent for Mitigation of
Early-Age Cracking of High-Performance Concrete Bridge
Decks”, Construction and Build Materials, Vol.25, No.1,
2011, pp.1-13.

18. Hasholt, M.T., Jensen, O.M., Kovler, K., and Zhutovsky, S.,
“Can Superabsorent Polymers Mitigate Autogenous Shrinkage
of Internally Cured Concrete without Compromising the
Strength?”, Construction and Building Materials, Vol.31,
No.6, 2012, pp.226-230.

19. Laustsen, S., Hasholt, M.T., and Jensen, O.M., “A New
Technology for Air-Entrainment of Concrete”, International
Conference on Microstructure Related Durability of Cemen-
titious Composites, RILEM. Bagneux, 2008, pp.1223-1230.

20. Zhu, Q., Christopher, W.B., and Kendra, A. Erk. “Effect of
Ionic Crosslinking on the Swelling and Mechanical Res-
ponse of Model Superabsorbent Polymer Hydrogels for
Internally Cured Concrete.” Materials and Structures, Vol.
48, 2014, pp.2261-2276.

21. Hewlett, P.C., Lea's Chemistry of Cement and Concrete:
Forth Edition, Elselvier, Oxford, 2010, pp.265-267.

22. Schrofl, C., Mechtcherine, V., and Gorges, M. “Relation
between the Molecular Structure and the Efficiency of
Superabsorbent Polymers (SAP) as Concrete Admixture to
Mitigate Autogenous Shrinkage”, Cement and Concrete
Research, Vol.42, No.6, 2012, pp.865-873.

23. Kang, S.H., and Hong, S.G., “Performance of Fresh and
Hardened Ultra High Performance Concrete without Heat
Treatment”, Journal of the Korea Concrete Institute, Vol.
26, No.1, 2014, pp.23-34.

24. KS F 2586, Standard Test Method for Autogenous
Shrinkage and Expansion of Cement Paste, Mortar and
Concrete, Korean Agency for Technology and Standards,
Seoul, 2010, p.4.

25. KS F 2594, Method of test for slump flow of fresh concrete,
Korean Agency for Technology and Standards, Seoul, 2009,
p-3.

26. KS F 2405, Standard Test Method for Compressive Strength
of Concrete, Korean Agency for Technology and Standards,
Seoul, 2010, p.6.

27. ASTM C1202-12, Standard Test Method for Electrical

DESY AXSAP)S 013 LHEQHMO| XS ZI8|S(UHPC)O| 231813, AP IAE, LA 2 %sta SN0 olxls 8327



Indication of Concrete's Ability to Resist Chloride lon Paris, 2013, p.357.

Penetration, ASTM International, West Conshohocken, 31. Reinhardt, H.W., Grobe, C.U., and Herb, A.T., “Ultrasonic
2012, p.7. Monitoring of Setting and Hardening of Cement Mortar - A
28. Pfeifer, D.W., Mcdonald, D.B., and Krauss, P.D., “The New Device”, Material and Structures, Vol.33, No.9, 2000,
Rapid Chloride Permeability Test and Its Correlation to the pp-581-583.
90-Day Chloride Ponding Test”, PCI Journal, Chicago, 32. Habel, K., Viviani, M., Denarié, E., and Briihwiler, E.,
1994, pp.38-47. “Development of the Mechanical Properties of an Ultra-
29. YOO, D.Y., Park, J.J., Kim, S.W., and Yoon, Y.S., “Influence High Performance Fiber Reinforced Concrete (UHPFRC)”,
of Reinforcing Bar Type on Autogenous Shrinkage Stress Cement and Concrete Research, Vol.35, No.7, 2006, pp.
and Bond Behavior of Ultra High Performance Fiber 1362-1370.
Reinforced Concrete”, Cement and Concrete Composites, 33. Loukili, A., Khelidj, A., and Richard, P., “Hydration Kinetics,
Vol.48, 2014, pp.150-161. Change of Relative Humidity, and Autogenous Shrinkage of
30. Association Frangaise de Génie Civil (AFGC), Ultra High Ultra-High-Strength Concrete”. Cement and Concrete Rese-
Performance Fiber-Reinforced Concretes - Recommendations, arch, Vol.29, No.4, 1999, pp.577-584.
2 o o AT B WRPYS A% 1FEFY FAGAPE ESlo] 2uS 2AEUHPOS FIEA, 47155,
WY 9 oot 540 ol 9%E dehut slelth 0|8 fa) SIEUelE fASw st P} o 2 559 sap
o] AeH i, o] SAPo] =¥ UHPC?| 450l Hds wall B7HE Stk B7Ha 3= SAPS] T4, 18]l &9 o F-of wt
o RS Fehi e e AR e B eda 5 XRDS oL A5 o A9 o1, o] A Ea)
Z7] A dolA FankeAd 9 7] AF LM s ES %‘0 SFGITE UHPCS] 5 A 72l 24 SAPS] #-& 7?” =%
QIsk7] 98l A71gE WS, 454 % W dEHFAAS ST 3 SEM o|n|#] #9S F3ll SAPo] UHPC Ul FollA &
Ae §FE AAR Al BAe) ol e B4 W BAANE Fal, SAPS o £ AERE AR Ao Uy A
B 8lo] URPCS] A1 ATAY 4 Sl AR slek ATl A8 F5e] SAP Fol, UHPC el el
o B P4 SAP AMO] SAP AA 5T 434S B ohuiek, 714 SN, FEAE LD AGAAAE 4

HMEO : US+d A, HRYY, 2080, Xids 232E =

328 | st=2=32|ESS

==3 X283 3= (2016)



