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<>Add|t|onal performance

v'Significant autogenous | ====> | |_ow shrinkage
shrinkage

l
v'Restrained-shrinkage
stress even before loading
l
v’ Deterioration of
serviceability performance
of RC members

N

-

FHigh—structural performance, high-durability ||

L ow-shrinkage HSC

- High cracking resistance
- Durable RC structure

High-strength High-flowability

generalization
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Special admixtures

™ 7 L ow-shrinkage cement

Belite-rich Portland cement Expansive additive
| ' Low-heat Portland cement ' i Shrinkage reducing agent i
I I
-% Age (log-scale) = EX+SRA
.Us DY .Fs \
2 e 0 =/

Combination 1« Control of autogenous shrinkage

v

Expansion rather than shrinkage




Objectives

rlowever,

VAnRSUTiEIENnVEsigations onlthe effect of AS and
VAETTecuvenessior lew-sirnkage HSC (L S-HSC)
[eENIEeNpomteRsitciural performance of

- RC memboers | (

um%ervi ceability performances
| dewith high-ASand LS-HSC

> A general mgﬁod fior calculating crack width

and deformation of RC flexural beams,

considering the effect of shrinkage/expansion

before loading
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- <~ Reference HSC | <L ow-shrinakge HSCs

LC‘ LE‘ LS‘L:

_ Belite-rich low
Gy Ordinary Portland heat Portland
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» W/(C+EX); 0.3, W; 175 kg/m?

» EX content; 40 kg/m?

» SRA content; 6 kg/m?

Targeted concrete strength; 70 N/mm? at 28 days




< RC beam for flexural behavior vSleel drain
& < Sealed curing period; 30-70 days, then loaded Load  Tested zone
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Displacement transducer: P
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1 Evaluations < Deflection
» Beforeloading

Steel strain — Restrained stress on bottom fiber
»Under loading
- Cracking load
- Crack width; Contact-type strain gauge
- Deflection; Displacement transducer

(Unit; mm)



Beam for free deformation and creep tests
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Testseivgior sustelnlineflersle
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«— Prestressingbar < Se€aled curing for 30 days
=L <-Then, loaded under dry =L
<— Load cdl oy
— condition for two years —
— . —
<] «<— Spring 2-Crac ]
N . Contact gauge * =< cwidth -

1
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Di splacement :| < Deflection
transducer I
\ u B ] ] ]
I @ Pure moment zone@ - j
650 )|( 800 )|< 5
<Load levels

150 N/mm? and 300 N/mm? of reinforcement stress at

fully cracked section.
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Sifell oroyeriies Restrained stress
P {1+ (d—Cg)(h—Cg)}

Thermal expansion of concrete;

assumed to be 10 x 106/°C Ocb = A, I./A,
E .
600 ‘ 2. :
i 3 | ] : LPC+EX
400 , ,,,,,,,,,,,,,,, LPC+EX ,,,,,,, 7

0 1

05 N g ;

Autogenous shrinkage/expansion strain (x106) 1

1 Fo S Thgmy f
g Tenson Reference
Reference 15 S N R 1.3 M F’a
0.1 1 10 100 1000 0.1 1 10 100

Restrained stress at extreme bottom fiber (N/mmz)

Temper atur e adjusted concr ete age (days) Temper atur e adjusted concr ete age (days)
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sV B REXaON e iminating restrained-AS stress 10

(AS-stress reduction)=
(AS-strain reduction) LINE

lTl

M echanism

L

58 e ‘
’ EXaddedHSC

e T s . 100 S I e S ]
: Ref | N I i Hardenlng 1
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' AS-stress reduction U B : |
15 AS-strain reduction g\ | & 100 g ‘

P 200 D B
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-300

Restrained stress at extreme bottom fiber (N/mmj)L \
o

Autogenous shrinkage/expansion strain (x10 °) Autogenous shrinkage/expansion strain (x10°)




ShilidhkeEPeRERIes Under drying condition
LIS DRciaE yinc

________________

Shrinkage/expansion strain (x10°)

; ; Refer ence ©
-700
0.1 1 10 100 1000

Temperature adjusted concr ete age (days)
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» Combined use of EX and SRA;
very effective for reducing snrinkage/resultant induced stress
from early-ages to long-term ages




PP ESmREIeams ush before loading

Type

Age at
|loaded

Strain of
tension bar

Stress of
bottom fiber

NC1

63

-187

1.27

-397

NCE2

65

-16

0.11

-174

NCS

57

-147

1.00

-313

NCE2S

70

4

-0.03

-175

NC2-150

31

-138

0.82

-255

NC2-300

33

-130

0.77

-262

NCE1S-150

31

81

-0.48

30

NCE1S-300

33

83

-0.49

28

LC

70

-24

0.16

-12

LCEZ2

64

214

-1.45

311

LCS

64

8

-0.06

5

L CE2S

61

224

Strain of tension reinforcing-
bar: -190 ~ +220 x10°

Restrained stress at extreme
bottom fiber: -1.5 ~ 1.3 N/mm?

-1.52

383

Free strain
of concrete

Autogenous snrinkage/
expansion strain
:-400 ~ +400 x10°
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**Measurement e —
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1 Calculation using
—tensile strength

05 -

Ratio of flexural cracking moment (NC

Reference
M easurement: 6.6 KNm
Calculation; 11 kNm 60% decres

Mixture

> AS of HSC affectsthe decrease in Mcr significantly.

» LS-HSCs markedly improve Mcr, even though the differencein
calculated Mcr among mixtures is considered.



ViSxIEIEcCkaNIaiin and crack spacing 14
= = _ =
Reinforcement stress at fully cracked section
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Reinfor cement stress (N/mmz)
at fully cracked section
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Reinforcement stress at fully cracked section
=200 N/mm?

G
LES

%0 7 14 ————————Calculation using
Full section s ..f = tenslestrength
B o L2 B B A
B 30 [ 4 O | o
=z 3 é : i L ] ‘ :
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: Expansion, 2 / hady N T BTE l J T
© 20 i : = : 3 i : 3 .
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m 10 ‘i : © . !
* SN ] 5 15-40% reduction
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0 4 16

0.l -
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Reference e
M easur ement; .6.8 x10%mm
Calculation; 5.8 x10%mm

Average curvature (x10°/mm)




rmgj cUer JJ;TJF)‘ vicealility performance

. \Viiel ~J<J bl CrE Ck-WI 0Jig) Average curvature

F or cement stress at fully cracked section
, b

n 150 N/mm2 300 N/mm?2 150 N/mm? ™ 300 N/mm?

04 T T
| Ref. EX+

= | - SRA e
E 03 @E 15 |
g o2 Twoyears | 2 10 _
%) ......... §
= : o . S i |
S 01| e 1 | Initial load | T 5 . ]
g i . : }E’ Inltoad :

» Time-dependent crack width/curvature; marked improvement by

LS HSC
» Effectiveness of LS-HSC,; significant when common load |evel



SUmMANAeIexpemental results 17

e

w Usiple) LPC, EX poeIther combinations is effective
for feclucirig ASland resultant induced stress
G EVEMENNO) rJ javealess/AS and also a potential
OIf EX{aEISIOE "
| v
= TAltegenpiisshninkage surely affect the deterioration of
serviceaniliyperdienmances of RC flexural beams.

-
< LSHSE mWy improve its serviceability
performances; the combined use of Belite-rich low heat
Portland cement and expansive additive is particularly

effective.
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SESIE COTJCG_;O’L_G)L Al ciange in tension
Jriioresnsisnit opliereEl W|dth py shrinkage/expansion

Cracked section

Full section

\/ Expansion

i I N S IS S S S S e e .

Restrained
stress in
tersion ceced'dlle cccccccadeccccccccheccccccccccccccccccccccccccccccccccccccachacee

Stressin concrete at the depth of tension reinforcement is zero
Strainintension reinforcement just beforeloading




Vel e/ RgENsIeeEE0 concept fior evaluating
SiERiEnEolS Crack Wiath

<-JSCE Design Code™™

w = 1.1k K k5 {4c + 0.7(c, — ¢) Jf 2= =

‘
. ‘S’

>,
Re
““““

.
-----

. -
f' Reinforcement stressat fully cracked section 200
03
L : : ! ; : 2
: - Calculation by ] :
—-—-——conventional theory---

=
ol
T T T T

Maximum crack width (mm)

o
o
T ‘ T T T T
|

i
NC1 NCE2ZNCSNCE2S LC LCE2LCSLCE2SNC2NCE1S

Ratio of calculated Wmax to maesured Wmax
Y

Mixture




el lclit of i N2 0rggoss glconcent fior evaluating time- 20

de_uender L crelelelin

Maximum crack width (mm)

T

3 . - New concept

<>JSCE Design Code

' W = 1:”(1k2k3{4c + O7(CS — (I))}i%se‘:: _E:::::'.CS‘::I‘.;E

150 N/mm2

Maximum crack width (mm)

100 200 300 400 500 600 700 800

Time after initial loading (days)

100x10°% for HSC

01|

300 N/mm2

0 L
0

A A DA N S B I B
100 200 300 400 500 600 700 800

Time after initial loading (days)




y ¢ SOncept for evaluating deformation 21
Igh-AS, less-AS and expansion

-", /’ ol —
Schematic diagram of M-curvature

relationship for the case where AS and
Expansion isdominant!!

Cracked section

>

Full section [ EXpansion < Difficult to explain by

\/ Y conventional theory, even though
/ N the changein Mcr dueto

i , : restrained stressis consider ed.
VI — <7 | Shrinkage

Bending moment

<-Curvature change by the
L7 release of restrained stress
Mg a [ ’ should be considered in order to
Improve prediction accuracy.

>
Curvature
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ieeliiect ofi restrained-shrinkage/

Expansion case

Ces /Ec/ G ex /Ec,\ o, / =
) Wex =(Ogex Es—0cex /Ec)/dj

«’]/ L‘I’sh (65 /Es—0cen /Ec)/d \1\’j

Ly v
]\
\

/,c/;s,ex [E \

j ;4B Shrinkage/expansion
-induced curvature

| GS,Sh /ES




. JM OCI]I!J !:i!ibn IISEE Codefor effective flexural stiffnes%3
>

Eelcr — IVld/LPa

. flexural stiffness at full section
E.l. : flexural stiffness at cracked section considering the restrained stress
E. : effective Young' s modulus, E, = E, /(1+ ¢)

AM ,, AM .- fictitious bending moment caused by shrinkage and restraint of

the reinforcement bars at full/cracked section

C%!

> flexural stiffness at cracked section is modified by considering

the increased/decreased curvature due to the release of shrinkage/
expansion-induced stress.
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Bending moment (kNm)
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theor

‘wConvenUonaI3 7

JIEIIIGRESEd eguation

Shrlnkage case ’

Expansion case

40

Bending moment (KNm)

Good agreement




©gepenadent n* at r.xe-
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M easurement

Average curvature (x10°/mm)
H
o

Convenflonal theory

Time after initial loading (days)

100 200 300 400 500 600 700 800

[EEN
a1

Average curvature (x10%mm)
=
o

o1

A GINsepesEdieduatien for evaluating time-

100 200 300 400 500 600 700 800

Time after initial loading (days)



SilmaReiReeneral evaluation method
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e Prediciion of JfJ,EclrJEcIJrOIJ' Iime-dependent flexural
ClACKRANIEISIOf mgn ifinkage/low-shrinkage HSC;
Irroroved ecelrei /%prc 95Ed cConcept.

% PrediCliBnlof instantaneous/time-dependent
defermatienfeidign-shrnkage/low-shrinkage HSC;
S IMPRGYECIECEUIRECY 19y [preposad eguation.

(In the future; It |5§xpected to adopt In design code)
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