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(ZxE U CBEE o #E 6 QIR oD ﬁ@&ﬁ%ﬁoto

3.2 WERMOBENSREL A Y MR- FOEMBERBERLICRIETTZE
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Table 3-1 Contents of Experiments Conducted
& 3—1 KHFAEIZERE L -RBREE

Experimental Items Results

Thermal Expansion Coefficient Variation with Age

Length Change Measurement
Autogenous Shrinkage Variation with Age

Moisture Content Measurement | Mass Moisture Content Variation with Age

Bound Water Measurement Bound Water Amount Variation with Age

Propagation Velocity of Propagation Velocity of Ultrasonic Waves and Young's

Ultrasonic Waves Measurement | Modulus Variation with Age

Calcium Hydroxide Production Variation with Age

Hydration Analysis

Ettringite Production Variation with Age

321 EBMER ORGSR

R I-2ICAFERTHEA LIMERB IO A > OEWHKRERT, B A2 MIHRO Y
U BT a—LT LIy 7 AEAL N (LUF, SFPC L EiT5) THY, KERTHEMLE
ZoOry hD SFPC O U — hL MEWTIZ X 2 IEAERENT OfE R AR 3—2 1277, &
WRTHRERIZE ST, Zo0a v h SFPC OFIMFARITI R E AR N G\ & 03
RN,
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Table 3-2 Mineral Composition of Cement and Admixtures Used in This Experiment

x3—2 AERFEALERVOEA D FOHMEREEMMHEOBE

Cement (C) Silica Fume Premix Cement (SFPC)
Mineral Composition (Crystal) CsS C.S C:A C4AF
Lot No.1 44.20% 37.40% 3.05% 12.50%
Lot No.2 44.40% 37.20% 3.03% 12.25%

Admixtures

CSA Type Expansive Additive (EX1) Low-addition Ettringite-Lime Composite Type

Lime Type Expansive Additive (EX2) Lime Based Early-strength Type

Shrinkage Reducing Agent (SR)
High Performance Water Reducing Agent (SP)

Lower Alcohol Alkylene Oxide Adducts

Polycarboxylate Based Superplasticzer

IZiEp Clx, R3—3 T L HIZ, AARENIMAEEFEIHDBHE SN TWD 0, RN
KR e LT, BRIV T L (CH) BELXO= RY A b (AF) WAEKRLTWD,
AREBR T, BEMEEIC X 2282005720, HROKIRNT NV A N Ak R E

BN (CSA %, LIT, EX1 &EKLT %) BRLOREEMERZEM (AR, BUF, EX2 &
9&.@3‘5) A L7c, 2o ZHERRMNIE, BARENTH CIPGHERREIC KL <R S5 1
A& L TR R b O TH D, “HIEHOREM ORI, WEITE 253 2 KA
& LT, CSA RIIEMMNEIC= MU B A MaAEpk L, APCRRZEM 2 212 KE(E v

VU LEAERT D,

Table 3-3 Examples of Expansive Additive Used in Japan and Abroad
& 33 WEMOEIEARUKIY (Bl : BAR, 7XAUAH, HE)

Country | Symbol of EX (Cement) | Main Components of EX | Expansive Hydrates | Remarks

A, D C4AsS CsAS:Hs, C: CaO
Japan B C, A, CS CeAS:Hs, A: ALOs
C,Fl C CH S: S0s
E CiAsS, C CeAS:H;, cH | M:MeO
K[ CiAsS CoAS3Hx H: H0
USA M 2] CA, Ci2A7 CsAS3H
S C3A C6AS3H3
China UEA C4AsS CsAS:Hs,
MEA [45 M MH
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7, HRIEO T AMEETEDO—2 & U, IHEREFI ORMA R EA SN TEY,
AHFFECIE, H CUHE KRR 2 ) B9 2 B CUE IR & B2 DREEM 2 0P L 7=
A B LIRS S AR R DR 2T 5720, BT va—AT7 x4 %
¥ RRIGHEEHEGR (LLF, SR ERFET D) bOFETHEHAL, BEtaito7z, AL F—
A NOWEWEERD D720, RY VAR CEEFREIEREBOKA] (LLF, SP LKL T2) Zff
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Table 3-4 Compounding Details of Cement Paste

F3—4 A RR—X MDRAEEH

W/B EX1/B EX2/B SR/B SP/B
Symbol
(mass%) (mass%) (mass%) (mass%) (mass%)
PL - - - 33
EX1 3 - - 33
EX2 - 3 - 3.1
16.5
SR - - 0.6 3.1
EX1SR 3 - 0.6 33
EX2SR - 3 0.6 3.1

REFRIZBNT, £TORETKRFEEME (WB) % 16.5%& Lic, ZORREDOKEEEM
tbko=z 7 U — MZHRWT, Hit A 2 hEEFER 900-1000kg/m® TH 0, IFEM A — I —
HELEOUPINEDS 25 kg/m® TH D Z b, REBRITHEIEM ORMFITFHE A EITH L TAH
B 3%E L, £72, BHEEREANIRE AT LT 0.6%% KICNEIELSR Uiz, miEbesok
KoM AL, PHERICBNT, TEQT—AE YV F A NELND LR LB TH
D, EX1 OFERT U —XTIL, FHEMEEICHLT33%, EX2 DFERT U —XTIE, #E
MERED 31%E Lz,

B 3—1 (28 725wy F® SFPC & MW 25a1s, @ ERRBUKIRINED 3.3%3 LU0 3.1%
ELTEBAEDOOTAORRE(LZRT, KLV, WIFhor vy SOBES, IGHEBRMERRE
FOZFDOBROOTHIBEIMEIR L TWD Z L BHERTE 5, £z, mERERKANL 30%
DERE T0%DIRIE R &% 2, FHRET D 70%0K & L THRAFHEEZIT- 72, X,
EWR 72 OF B D SV 2P DN THEZR IR T 5,
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X 3—5 (RTEZ LRI IR B il 4 B W X

EDRDEHES ST, TAIT—FHAVERE SR L, B 3—5 (CndiREHEERC
RE LT, LY NG 2= MIITHIAB R Y OB L7255 H Y £ 728
A BB ST U TR 2SN ORI AL 2 JIE L 72,

AR R OEFERIENL, (EEOX A 2 7 C/KIBZHIE e/ 28 CIRE R S ik %
B 3—5 /R R—ANSLEENBICHET Z & TREKOREZHIE L, 7ok, RERIKOM
IEMEm BTz, IR E SRR KR CEbh T 5,

PLEoEREIZEY, BBREIIMEEDO T /T ML > THREWNETH D,

Fio, BEOMR LY, ALEETHONDOTAHMERT, HDIAZROTHE LY b
MIADOOFT K L THUR TH D Z &, HDHREM LI-BITEDIARTMOT HERA X
NR— 27— D ORIERE R LR ORI DD 2 L 3o T a0, RIERRTIX
3 B OMEE % [FIFFCBE S &, 10°C, 20°C, 30°C—E CTOEAIRE 2 A L L CHlE % Fif
L7,

(2) BREZRFAK L B SO T ADORE

(1) MR DR A

FREORIEREE X, TEOEEZHRBRIRCE 22 2 LN TE 5720, SIEERE FH A
RECd D, WIEMZ IR LIZREIZH N T, SR 2 v F3—2 N OMIEREHICET 5
BEEDRIET — 2 1TIE & A ER N, RFFRIZEWN T, CRBICRE SN2 HiEE AV,
B 3—3 IR LIIRE SV ADE AT » 72T HiMEEREER 3—1, X3—-21cL-T
FE L,

a=A3¥m % 3—1
AL .
Etotal = T X 3-2

41



o WIRMIC X D& 2 7 U — b B O IR

ZZIS, a: BAY PR OBIEIERE (X109/°C)
Eroal - PURIRD DT A (X 107)
T: RBRIEOIRE (°C)
AL RBRIKO—Hh R S 2L &E (L—F—ZA7 No.1 & No2 /R THIEDNAF) (mm)
L: AV I_=A ORBREOAES (RI3—-42H) THD,

EAKFEAM B OE TIE, BEEM OFEEIC L 5, MEmoIHIc A CIUES B ICEITT 5
7, WEOTHOREFHIT S Z L BRBETHD, 200, B3—610rT Lo, i’
JE L ROT ORI Step TERARDME ZFD, I HIZ, Stepl 225 Stepd F TORIT
+5°COREL % Z T RERIE ICR > TEEREBICB D TR T AT A ERER ISR O /e
W —J7, B CUUEOET BRI TTIE, KO X HI2IFE AL A CIUFEOFEITR S
NTIEE & 20T HOBIRIZA Step TIRIER — OB EZ /R LTS, ZD7=®, HREER
BOBEHICE UREOTREZEHT 5720120, B IO ZEL KR T 24681 H 5,

O——— T T I -800 T I T
| | 11st hour i 111st hour ]

~ - ~  |[ostrer
g i o 1
o -100f- ! E % -900} { 1l
X i = i
— 1 — I
£ it g
8 200+ 87 - & 1000} -
x ; =

-300}- i . -1100 :

1 1 i 1 : i l i
15 20 25
Specimen Temperature (°C) Specimen Temperature (°C)

Figure 3-6 Relationship Between Total Strain and Specimen Temperature [
3—6 207 A& HBKEEDEZRD

AREBRTIE, BEOHRIZZR BV, LUTOHIETH CIMEORELZ I R, £7, i
FE/S)VAD Stepl, Step2 (2T H CUNHMEAS, BAZRFHIYS 72 0 H CIE O 288 & a T
BARNCHEITT 2 EE LTz, 2D L X, Stepl, Step2 TOEVOTAEIFTZNZENR 3—3, K
3—4 TRIND, Filk, BFREOEEN -ETHLZLE2EETHLE, X3-3 00K 3—4
LI 2L THCIMOT 2 E a ZTHETE, #RE U THRIFZRMRE o 13 a OfF
WEBTHI—B5TRTZLNTE D,

Stepl TORUT HE : eowsi=odTs+ats X 3—-3

Setp2 TOEDT HE : goms2=0dTortats: X 3—4

_ gtotal,sl - gtotal,sz

ATSI _ATSZ Et 3_5

MRIZORAREL -

42



B WRMIC K D mmE = 7 U — o B SRR

22U, o HEXRICR T 2 RIERER S (X109°C)
ATy - Stepi IZ8BIT 2IRELELE (°C)
tsi : Stepi OHERFH]  (minutes)
BN &H72 0 H QIO T A8 & (X10°) Th D,
(1) A OT B OB 5k
FREOFFIEIC Lo THEH LIRS, RBRIERIRE S L O 0T ZollEMEZ AV,
K 3—6 R T LI RWHEICLY HEMEOTAZEH L,
Aquroi = A€totali — % (T; = Ti—1) X 3-6
Z 2T, Aeauoi : Stepi (ZFT D H CUAEONT OG5y (X10°)
Aetorari  Stepi (BT 2 E2OT H DS (X10°)
: Stepi (235 1T DA IEREC (X109°C)
Stepl BT HRBRIKEE (C) THY, 1 A7 v 71310 LTEHELE,
ﬁﬁé%ﬁ E3 2 LB 3—3 TR L7 Rz aRAR A A H RS 7N L A8 340 4313 ISR E
Liztzh, 1 533D RIRE ORRFE(L 2 ERINCEG L Tl oo, £2°C, HCIUHE
U@“&%%m@“éﬁ"r 2, YA Nz VT, SRR ORI 2 L A3l L TRl Tz,
7%, BEFEDOMIZEIZ L - T, SFPC 23517 2 MRIZRARER O MIEM X, A4 lis 20 REfE]RTTZ TR
SRAREL D I KA 2 B, & DA 20 (X106°C) IZHEBEL L WO HANH 503, Z O
Z T U T 512 H 72 0, KOBIZIRIRETH 5 70 (X10%°C) 726 25D 7EA
Nt 2 W TRIEM D 7T 7 O i b SRIZIRERED K & < 72 5 R LA 0O 5% 38 2 il 2
Wi, 22T, BA Y FR—Z FAEE o TORUIREE Tl ER O IXIE > &
W& %, AT IR O OB I IR O m KB Z & D A LRI O SIS Lz, #ilE L
T, PL—2 OMIERSEED EUJC%IS 7R T,

80

—O— Approximate Curve
Approximate Curve
—O— Measurement Data

(o)
(=]

70/(1+exp((t-21) X 0.3))+18

3/(1+exp((t-100) X (-0.02)))+18

[\
(=]

Thermal Expansion Coefficient
(X 10°9°C)
AN
S

0

0 20 40 60 80 100 120 140 160 180
Age (hours)
Figure 3-7 Example of Thermal Expansion Coefficient Measurement Data and Approximate Cure (PL-20)

X 3—7 PL-20 M#RAZIRFE & TR

43



o WIRMIC X D& 2 7 U — b B O IR

KREBRIFFDNIZE A Y P R—=Z FOEOTHORRFLLIZIBNT, IO 5
MPEEREICE S TRR>TWVD, KEBRICE A b= s OEERS I ERDP T
TRWeW, BA Y b= PO BN SIS AT 2 R R & BERE AR I AL &
EL, OFTHEE 0 &Alp LTHEI LT,

(3) HEE/KE - A KENEER

AAFFETIE, AR K> TR ZWHE T H8LE00 B CIUEA I = A L5 EEZT S
7o, AL PR—ZA NOBEEEKELBLOMAGKEZIE L, €AY X=X NOKH
BRMRERMFITIBNT, HEEKE - HEKEORFE(LZ T 5, KGO E A FX
— A MRV IBEERIS, T3 7128 100g-150g FREBZFTR L, TAIT—7%
W CERRLEE L 7=%%, 10°C, 20°C, 30CENENOIRERIEEE c &4 L,
BARBZRIEFiETIE, O~O@DFIETITo7-, EBRERRZE 3—8I1277,

O THAINRy ZIHTHEL, FREFMFICEALZE AV R MBI Z BT 5,
@ HitH (STo+AK) OFSaitegkl, HELFHNIT 2,

@ HtBIomE S - EE 1.0g~1.5¢ A, BEEZ L CRET 5,

@ 105°C~ v Z/VIFIZ 24 BRI LA LB L, REOED HBKZATE S, MEicikiBIcT 2,
® @7 v r—F—IIiEmHISE7%, HEziHll Licikd 5,

©® ®% 1000°COHIZ 3 HFHFHE L, AU L DA KERFESED,

Cement Paste Casted in Aluminum Bag Crushed Cement Paste Sample Crucible and Sample

Measurement of Mass 105°C Muftle Furnace 1000°C Muffle Furnace

[<

I

Figure 3-8 Measurement of Mass Moisture and Bound Water Content
M 3-8 BEE/KE - HAKEDAE

LT —2 %2y, X3—7, X3-8ICL-oTHEEKE - fEAKEEZHE M LT,

44



= WIRMIC XD ERE 2 7 U — b o B O IR

mog—m
BEE KR %) = "m 1 % 100 #® 3—7
1
. m—m, .
WOKE (%) =——x100 #* 3-8

2
T ZIZ, mg : 105°CRERRATOE A > b =2 FREIOH & (g)
my 2 105 CHIEE DE AV b= FBIOEE ()
my : 1000CHEZE DT A b= FkBlOHE (g) THD,
2B, BRI LT3 >OMEBOFHIZIT), BOoNTEREKE - REGKET — X1
3 SO ROV A2 T Ol - IBERMFOEEEZKER - fHEaKEE L, &2 TOHER
13 0.1mg £ TERHATREZR S+ R 2 WV TRAAI L 72,

(4) KFnf#tT £
fEaEAt o0 B CUUHE IR IBHERS 2 R 45 720, IE9RM OKTIEUGIC & » TAERKR Sh =iy
PEARFY) DR 2 BUSG T 5, FTEM D& A F_X—Z ~OKFI L %1% 1 S8 T, XRD/
U— KL MEMTIZ L T, KBBIEINLVT T LABEIO= Y A MR EZ RS LT,
AKFME IR, AKFBJSEITHO® A > hX—2 "B 2T & h U ICiRIETH 2 & TiTo
Too AEBRTHEM LK MELFEELZUTO~O®I R L, FEBEREZE 3—9 1ITRT,
O FIEMERICBIT LT LI Ny ZHdE X h=3—2 M % 5Smm ML PS5,
@ BELERE E E—h—Ilc AN, +REOT & EEAT DL FORESIREYE, 305
HES 5,
@ T ENHETDIED, TAVL—Z—CEfEEY L, AL v TFE2ANQDR
BE2 Mz 723 DREE R, REPREINANE D ETT AL —X—DA A v

F a5,
@ REZzHEE—D—ICAN, @QEFLET & M ZEAT LIRS IR 6 RefHlFk
B D,

® @D# IR LIEEEITH,
® #BE FL—IC AN, T —Z—DOF T 24 BFREL, REIE U IGED 5,

Crushed Sample Immersed in Acetone Acetone Separation Saved in Desiccator

Figure 3-9 Hydration Stop Operation of Cement Paste
3—9 AV MR—X FOKIMEFLLEEFIE

45



o WIRMIC X D& 2 7 U — b B O IR

FRLOARFMEIEREIC Lo TEG 3B 2 W T, XRD/Y — h~v MESTZ1T 5,
X #REHT (X-ray Diffraction, AN XRD & &KilT %) OFENL, JEF23BLAIAIIZIE A 72 #E5 b
2 XA NS L72RE, EHTBIGUC L0 FFE D F IRV X BB SN B G 2RI A LT
LOTHY, B3—10 DT LIIZ, A, BENTNONE THELIIND X O IEHEN,
X BROW R DBEHLEIZ /2> TWD &, WORHEN—ET 5720, WORENRKREL 2D L
THH END, WEIZZNEIUCRA RBAMEZ R ofim A 2< 5 2 &b, XMREPT Tk
ILEMOFEEEZR D Z LR TE A0,

Incident X-ray

Wavelength A

Incident angle 8

o

/B 28

d sin@

Interplanar Distance d

Bragg Diffraction Condition: 2dsin6= A

Figure 3-10 Schematic Chart of X-Ray Diffraction
3—10 X REHHMEH

ARFEBRTIX, AFE GRS #e L C 90p LA RIS L%, INEBEHEREL L LT o-
ALO; ZEEDOWE] 10%EF1 L, HEY > 7V Z&ERL L7, D2PHASER E. ERUFR X A
Prs@E A A Uiz, AL, X &Skt v 7 A Cu, BEL : 30kV, FEF: 10
mA, EMHP : 20=5~65°, AT v 7ME : 0.02 (HIE FTRE2 e/ NI <0.05°), AF v
AE— K :0.5%min & L7z,

B E BIINERIEYE 0-ALO; OEREN O 3—9 ITHEVVREH L0,

A={100% (Sg—S) } / {Srx (100—S5) /100} ®* 3—9

Z 2T, A FEREERRE AR (mass%)
S : 0-ALO; DEFENZE (mass%)
Sk : 0-ALOs DEEAH (mass%) ThH 5,
XRD/ U — ~ L MEFHEE M IR OFEHZDNT 2 [BIOFRHTZATV, 2 [FIfFHT O %
ZOMEOERRL L THRMA LT,

(5) BERISEEEER

HMEDOE AL F—=Z FOREIE (LIF, R EZTET) ORAZzHRT L7120, BE
BARREABR ATV, A Y FN— b OB PR ORI L 2 BUS LT,
T T A 0ol BB T BB AR DA B 2 B 3— 11 17, iR AR 150mm*50 mmx50mm

46



= WIRMIC XD ERE 2 7 U — b o B O IR

Thbd, RIZFET LI, BT EICA XA 77 +— LA TER L, BEREAFAOGMIZEE
22mm EDT 7 U NMATE, MOBESERITHEE Lz, BAY M= N &%, i
R4 03mm EDORY ZAT VT 4 )V LEFBN, TV T =7 TEHR L 721%, 10C, 20C,
30CENENDOEIRSM TERA L, FIEMENCREBRIEZE ML, BEENERICL-T,
HEE F5 L OB OB RE R A 3o S FHII L 72,

AREBRCHE A LB e, K 3—12 (2757 Pundit PL-200 T 5, %EZED b7
VAT 2 — IR IE M (250kHz) A Uiz, BRI b7 0 AT 2 — 9 TIEHEE & B
WA RIRHCRIET 2 2 ENATRETod 503, RER TIIHEASRERIH 261 L7, (ZiEReHE %
BARL, RABREORE S THRTZ & T REFEEL2FH L,

Acrylic Plate (2mm)

Cement Paste
Styrofoam

Polyester Film (0.3mm) l

Transducer Position

r' e e
30mm  50mm  30mm

Figure 3-11 Framework and Specimen Outline of Figure 3-12 Landscape of
Propagation Velocity of Ultrasonic Waves Measurement Measurement
M 3—11 BERGHEABRARRARVCEZROBEE X 3—12 EBRE=

H

AWFFETIT o TR 7 v — 2B 3—13 ICE L 5, ERT o —IT T 28 F SRk
FE, BREKER REEKERIE TR, 3 J UK 21T > Tepin D — 2R 3—5 177,

47



o WIRMIC X D& 2 7 U — b B O IR

Volume Change Measurement (7days)
® O
;Jé')’ - Bound Water
.8 @ Measurement
L0 E Moisture Content
2 g ; Measurement XRD Analysis
=£E2
§ g 2 Cement Paste Hydration Stor
- Grinding Hydration Stop y p
@ Mlxmg@\ = Cement Paste Grinding
20 Casting fork’\ . . Moisture Content
50 indi Hydration Stop XRD Analysis
832 Hydration Analysis Cement Paste Grinding /_K é é
o >
i % = Moisture Content
=8¢ 2 . . M t Bound Water Measurement ~ Bound Water
L =S % Propagation Velocity of easuremen Measurement
299 ‘g Ultrasonic Waves
w235 g Measurement
s C@ @ I I

! Ultrasonic Waves Ultrasonic Waves Ultrasonic Waves

1 Measurement

Measurement Measurement
(o] [aon] 3

Figure 3-13 Experiment Flow of This Research
3—13 BT n0—

) —) . —{) . . .
+ Propagation Velocity of : Propagation Velocity of : Propagation Velocity of i
1 1 1
1 1 1

Table 3-5 Experiment Age for Propagation Velocity of Ultrasonic Waves Measurement,
Moisture Content/Bound Water Content Measurement and Hydration Analysis

K 3—5 BERGERE, HESKE - HEAKE KNAFTEERZERERL =M

15h

Conducted Age| 6h
10°C
PL 20°C
30°C
10°C
EX1 | 20°C
30°C
10°C
EX2 | 20°C
30°C
10°C
SR | 20°C
30°C
10°C
EX1SR| 20°C
30°C
10°C
EX2SR| 20°C
30°C

[e](e](e}[e](e}(e)(e](e]{e](e](e)(e](e](e)(e](e](e)(e] |}

@©
=2

21h

N
=
>
N
i
>
w
o
>
w
(o2}
>
[
©
>
N
N
=
IS
©
>
o
5
>
~
N
=

120h | 1

=2

+ 0|00
[Ne)(e](e]

. lo|olo|ololo
. |lo|ololololo
 |lolololo|o|o]B

lololol | |

[(e)(e](e](e](e)(e][e](e)(e)

¢ |O|O|OO|O|O(Of |+ | | |*

lololof [ e | |

ololo]r | | |
vololofr | e [ e el e e e ]
“lololo] |+ [ |+ ]
“lololo] [+ [ |+ ]
“lololo]r [+ ||+ ]

o|ojo|o|ojolo|ololo|olo]|: [o|o|ojo|o|
o|ojo|o|ojo|o|ololojolo|ololo|ojo|o|R

O|O|0|0|0|O|0|0|O|0|O|0|0|0|0|0|O|
O|O|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0
O|O|0|0|0|0|0|0|O|0|0|0|0|0|0|0|0|0
O|O|0]' |O|O|0|O|O|0|0|O]! |[O]O|O|O|0
O|O|0[|0|0|0|0|0|O|0|0|0|0|0|0|0|0|0

O|O|0|0]!
O|O|0|0|0|O|" |

323 EBRER

AEITITRERM R ZME Z LR, FERFEIRICES S BRI 324 HiLIETid~ 5, 7
B, AKEBRTIE, 10°C, 20°C, 30°COMREEZRMFTIT 27208, 10°CO BRI F IR #5035 4
Loz, bl B QO A L ORIEZRIRE A BUS T Ze o 72,

(1) BREZRGRER DAL

KREBRDOHELNTE A F— 2 N OMIZRREORFZ AR 3—14 (27T, K
AT, 20CIRERMERB VT, 2 TOMEE A hX—2 F ORUIEIRREIIH i)
HORE 21D BRI IS L, 2 D%, Mk 168 IR £ TIZIE 19(X10°/°C)
—EEICIR T DEAN R DT, 72, 30°CEADEA, Ml 168 BEEIICE D £ Tha

48



B WRMIC K D mmE = 7 U — o B SRR

50 50
— Q
2 40 = 40
:
O~ —
z 030 | g£530 ¢
S & Boge
g o 2o
s — & —
2 X 20 £ x20
o~ M
= =
E 10 - E 10
2 0 = 8
= 20°C &= 30°C

0 1 1 1 1 1 111 | 0 1 1 1 1 1 1 1l

10 100 10 100
Age (hours) Age (hours)

50 50
= —O—PL £ —O—PL
2 —O0-SR S w0 —O-SR
£ 40T —B— EXISR LS I —B— EXISR
S A~ —@— EX2SR S~ —m—EX2SR
z £30 §230
R o
= Il =
& X20 ) = éZO ([T
o~ 53]
= =
E 10} E 10
[}
£ £
= 20°C 30°C

0 1 1 1 1 1 1 1l 0 1 1 1 1 1 1 11l

10 100 10 100
Age (hours) Age (hours)

Figure 3-14 Thermal Expansion Coefficient Variation with Age
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Table 3-6 Comparison of Autogenous Shrinkage at Inflection Point
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Table 3-7 Existing Composite Theory Equation [6:940]

% 3—7 BHEESERTOE L HPAE

Models Year Composite Theory Equations Remarks
Ono 1953 | ec/ep={1+(mn-1) Va}/{1+(n-1) Va} m=¢,/gp, n=E«/Ep
Pickett 1956 | ec/ep=(1-Va)?*, a=3(1-ve)/{1+vc+2(1-2vc) Ec/Ea} Ka =Ea/(3-2va),
Fulton 1961 | ec/ep={1+(mn-1) Va}/{1+(n-1) Va} Kp=Ep/(3-2vp)
Hansen- ge/ep=(1-m) {n+1-(n-1) Va>-2nVa}/(n+1)+m, n>1 €c, &p, €a: Strain of concrete
Nieksen | ge/ep=(1-m) {n+1-(n-1) Va}/{n+1+(n-1) Va}+m, n<l cement paste and aggregate
Kawase 1966 | ec/ep=1-3n(1-m) (1-vp) Vo/{2(1-Va) +210 (1-2vp) Vatn (1-vp)} | Ea Ep: Young’s Modulus of
Patten 1968 | ec/gp={2+(n-1) Va} (1-Va)/ {2 (n-1) Va} aggregate and cement paste
Cand CA | 1971 | edey={n+1+(2mn-n-1) Vo/{n+1+(n-1) Va} Ve, Vp: Poisson ratio of
Hobbs | 1974 | e/ep=((2mn-n+1) Vatn+1)/ {n+ 1+Va (n-1)} concrete and cement paste
Kishitani- Va: Volume rate of
Bab 1975 | ec/ep={1-(1-mn) Va} {n+1-(n-1) Va}/{n+1+(n-1) Va! aggregate

ZOl, KEITIE, BCIHEOT H03 5l 2 MK & A > S Eho, IRM AR L
REICBWT, MBMERRR DAL FR—2 MBI OEALZ VEBRIKZERL, 7 H
Bl B CUEOT A2 3HI L, #MRRZE IS 2 M B O M dUh R O B A R L=,

REITIT > T2 FRNE &R 3—8 117,

Table 3-8 Contents of Experiments Conducted

& 3—8 AHIRIZEM L -REBREE

Experimental Items

Results

Length Change Measurement

Thermal Expansion Coefficient Variation with Age

Autogenous Shrinkage Variation with Age

Moisture Content Measurement

Mass Moisture Content Variation with Age

Bound Water Measurement

Bound Water Amount Variation with Age

Propagation Velocity of

Ultrasonic Waves Measurement

Modulus Variation with Age

Propagation Velocity of Ultrasonic Waves and Young's

3.3.2
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Table 3-9 Compounding Details of Cement Paste and Mortar
& 3—9 AEROFESEH

Symbol W/B (mass%) | S (Vol%) EX/B (mass%) | SP/B (mass%)
PL - -
SO - 3
S15 16.5 15 3 3.1
S30 30 3
S45 45 3
Table 3-10 Details of Materials Used in This Experiment
& 3—10 AEERICERA L -MHEE
Components Type Physical Properties
B ) Density: 3.16g/cm?
Cement (C) Silica Fume Premix Cement )
Specific Surface Area: 6690cm?/g
Density: 2.61g/cm?
Aggregate (S) Crushed Sand )
Water Adsorption Rate: 1.07%
Expansive Additive ) Density: 3.19g/cm?
Lime-based Early-strength Type )
(EX) Specific Surface Area:4520cm?/g
Water Reducing ) ]
High Performance AE type Polycarboxylate Based Superplasticzer
Agent (SP)
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Table 4-1 Hypothesis of DEF Expansion Mechanism
#& 4—1 DEF FAE#BORER

Hypothesis Homogeneous Paste Expansion Ettringite Crystal Pressure

References [13,15-17] [14,18-21]

Ettringite crystals generated in cement | The growth of ettringite crystal, generate
Summary of | paste lead to the homogenous expansion | in restricted space (gap) between
Hypothesis | paste and cause cracks at the interface | aggregate and cement paste, exerting
between cement paste and aggregate. expansive stress and widen the width of

gap lead to expansion.

AFU generated due to Homogenous Expansion
recrystallization in gap , |

not cause [he expnson 1‘ "" "t tt t t

Crystal pressure due to
growth of AFt crystal
e rs

Conceptual

Diagram

N \/
AFtgenerated |-
in cement paste

R T e
)

1i1iiii11

Expansive-Pressure

lllllll.llllllll

Width of the gap around aggregates is The 1nterface between aggregate and
Experimental | almost always directly proportional to the | cement paste is the critical site where
Basis size of the aggregate. ettringite  recrystallizes and  thus

generates expansive pressure.

Controversy | Expansion model is oversimplification and | Interface of aggregate and cement paste

and the gaps are part of the cracks in cement | is not necessary and the DEF-related

(221

Criticism paste expansion also occurred in neat cement

(23],

paste

Yy T OWEEIRT D ETHENELD LD TH D,

Diamond??| Xt A ¥ b= NZDH O] —TiXieWizs, ¥— &E%%ébéﬁé_
EIIARFHRETH Y, A Y b= NY—IRFUI A B TIT R W & LT, WIS, fbsak
FIERL T, M EtA L X=X FORE DEF BEORAICEE THH L ST
WDH, ALY h—2 FEURORERIRTY DEF MR SN TV HEEMINTE 2o
72232, 201z, BEOEOWT G, IRENRHAEITY ZLIXTETELT, §l&
#2 29 DEF @ A 1 = X AT Dimd ke ST b

(2) BEFFRRLICESS R
BEAF DAL 35 < DEF BZRICEE T 2 MEHIZBAT O TV 5420, HHOMIETEE
SNTWVDRIE, BAL PR=Z MEEH LT MU o H A Mg ORERA O TRAEL,
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HE &372 SO2728 C-S-H (WS SN T, T DOH%EMICZERIRIRICIEH S D,

(II) #iRFAEEIE Litk, 4MT C-S-H T/ eifLICFET 2E /7 =— b
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T U TA RHEBFNZ 7> T D, RHI 7222 (U5 C-S-H) 2= kU o H A
b FREREAELDZ EBIUEEROMEICHED, ERENBEL, BA L FN—X
~NOfgEE S E ik 27,

() EAY FR—RAMDOFIRIZE ST, EAL A=A N EBMBSEEL, B EDOR

ACBH N AT D,
(IV) BM LA P_X—=A FOFREIZT N A MREGEDBAERL, faOMREIZLY
BB TEHE SN D,
!nner C-8H Outer C-S-H o I ) Directly after heating, initial ettringite

deposes into AFm and SO4> elute to the

pore solution.

| E Monosulfate (AFm) \ -Ettnnglte (AF1)
Inner C-S-H Outer C-S-H (I, M) During high-humidity storage,

AFm and SO4* react in pore solution

Sl forming ettringite crystals in outer C-S-H.
Expansivel
Force Strong Weak With the supersaturation of AFt in limited

space (outer C-S-H), AFt crystallize and
crystals grow up that generate large
expansive pressure, resulting expansion

cracks in the cement paste.

(IV) Gaps caused at the interface of
aggregate and matrix, widened by fulfilled
ettringite crystal that regenerate in the

after stage.

Figure 4-1 DEF expansion mechanism proposed by Famy [27]
4—1 Famy 1RZE S 1= DEF fZ5RHEER"
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Figure 4-2 Conditions and Affect Factors on DEF
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Figure 4-3 Relationship of Maximum DEF Expansion and Content of SO3 in Cement
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Figure 4-4 Relationship of Maximum DEF Expansion and SOs/Al203 molar Ratio of Cement
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Figure 4-5 Relationship of Maximum DEF Expansion and Curing Temperature
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V7 a2a—L7 LIy 7 AA N (B85 SFPC) ZfEH L7~ XRD/Y — h~UL ~M#EHTIZ
X o5 THE G SFPC ORI FR 4—2 1T~ T, £7-, BEEMICIHERME KV
VA NEATUEIEM (CSA RIEEM, L5 EX) AL, LAY IER 4—3
IZ7RLTWAD,

Table 4-2 Mineral Composition of Base Cement in SFPC Acquired by XRD/Rietveld Analysis
FA4—2XRD/') — bRV FMEWICE > THRLONFA—R A Y FOFRYIFERL

Mineral Composition (mass %)

CsS C.S CiA C4AF

442 37.4 3.05 12.5

Base Cement in SFPC

Table 4-3 Composition of Ettringite-lime Composite Expansive Additive 72
F4—3 T MY UH4A PRIREELERMOLFEMER 2

Chemical Composition (mass%) Mineral Composition (mass %)

Ig.loss

gx | Si0» | Fe05 | ALO; | SO; | CaO | f-CaO CiAS | €S | GS | CLAF
1.8 0.9 54 | 196 | 67.0 | 45.4 92 | 314 | 80 | 33 3.0

FAERIEE, TRTOFE TKEEMILE 16.5%& L, BEM ORINFEITE M E Bt
L THEIT 3%, 4%, 5%, 7%D 4 k% GRERIAFL S : EX3, EX4, EX5, EX7) & L7z, K
FBRCHEH L72RM 2O T, A — I REBFERPNCESE, Fiwa 7 U — bz
LA 24 9~ 2 B A3 2 FRHEHATIRINE 2 20 ke/m*HELE L T 5, KIS LAY 16.5%
DL BERE a7 U — FNOEAE A > b &I 1000 kg/mFEE TH 0, BEFEDOHZE
TlE, 30kg/m® (EX/B=3%) FMICHITHIFELPEEFEHRSNLTND, AHFETIE, HD
IHE IR S & 1) | C & 2 EiRM O fci il i B & feal 3 2 72, BUROZEM i FIR &
LV ZORINE 3%, 4%, 5%, %) & aE L CHREBRIMG 2 i L7,

F 72, EM OBIIEEDIESME DEF EHLL L CW DS, EMEIINRA K E )
e, fEAH T SO, & HRITINT D, &> T, DEF 2334 L 7235 4]23424610> SO, 2 & [AIFL
DKBEIZRETHZ b, KRR CTEZRIIEMZERT2HMO—2ThH D,

W2, DEF (X200 0ENITEMEEA Y FA—ZX FORAEIZEL AEND Z EnD,
TAUIRN=ZA MLV EAZ VDI PENZREIZED20VENEZFE LT NWIEEZ S
b, TOI=H, MEFREEEEICS L TNEI 30% (BEEE AR 53.4%) O (AT R
WTPE) 2L C, EAXNLVEBREEIER LT, EAXNLOMEMEEZHRT 5720, 33
TORBRIRITFEAMEREICKTT D 31%D KR Y BVR R EIERERUKA] GER : SP) ZiR
MMU7z, RERIETDE, SPEED 30%% [EFSy, 70%% /K5y E LTHo7,

AREBRAE T UM B OB 2 R 4—4 12, BV Z LV ORE K2R 4—5 1R LT,
F o, FHEMIRINEREOE G 2RI 5 SO DEFFIZONTH, R4—5120FHT
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RLTWD,
Table 4-4 Physical Properties of Materials
K 4—4 FALEMHHOYMERE
Materials Symbol Physical Properties
Silica Fume Premixture Cement
Cement SFPC ) )
Density: 3.04g/cm?, Specific Surface Area: 6690cm?/g
) o Ettringite-lime Composite Expansive Additive
Expansive Additive EX ) )
Density: 3.05g/cm?, Specific Surface Area: 2840cm?/g
) Crushed Sand
Fine Aggregate S . .
Density: 2.61g/cm?, Water Absorption Rate: 1.07%
Water W Tap water
High Performance
) SP Polycarboxylate Based Superplasticzer
Water Reducing Agent
Table 5 Details of Mortar Mixtures
®4—5 ELZILOREEH
W/B EX/B S/(S+B+W) SP/B Total Content
Symbol
(mass%) (mass%) (Vol%) (mass%) | of SOz (mass%)
EX3 3 2.20
EX4 4 2.37
EX5 16.5 e 30 3.1 254
EX7 7 2.88
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U —X 1 OHCIHERRTIE, HOALMOTHEMHL TEAZLOKFNZ L > T
A4 U5 il SE{LEORIEEREZTT 5, 40mm X 40mm X 160mm ORIFEEZ T, ELZ
IWVARBRIR ZAERL LT,

R RGO H AR AR 5720, B0 AF LR — R (B4 : 3mm)
ZREL, EICIIEBEEORELZR DT 7uri—h (X lmm) & E LT, £

D=, T NAEEDO EZEESHENT 40mm X 39mm X 154mm THh o 72, F7=,

BRI 2

HER)TZAT VT VA TEY Z LT, MBEBIOEBBOEELZWmS )V Lz, Kv
J—XIZBTHRBAEOMELZR 4—6 127,
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Styrene Board Polyester Film Mortar
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Figure 4-6 Outline of Specimen for Length Measurement
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Mold (For 20,40°C)  Casting and sealing Temperature Champer and Data Logger

Figure 4-7 Landscape of Main Processing of Series No.1
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112



FEVUE ZARA O WIN AN TR T /L 2 /L 0 B CUUHE R ORI IRIC T T %8

HOIABAOS Bt & il L TRu,

@ EAZNLOMYIERT, £, AV PEWEMZEMLT, A= MIIFHICLo
T, [R&HT 30 BO®Y 217 o7, ZD1%, MEMEZIFHITMAL, 30 HOEHY
BT ot HOCEERSRME NI, BAH L RMSNAZ X HICANE, £
LT, MEHT 1 49RO IR, #C O BIY IR, AERMIT OV AL R &
MEWE LT, SOICEET 1 R IRE T,

@ R L7z T 20 % 20°CIEIRRICKE LT, OIZHEf L7283 A9 24T 5,

@ TR, B EE AR AT LT 4L ATHEY, TAIT—7 2/ L TEKT 5,

® ERLIZRBRIED 3y b (£ 9AK) T, HAKLTHH 2 KHLAINIZ 20°C, 40°CH
LR 90COIEIRE (W) (BB LT, 1HRFEAEMIAT 5, 20°CE 40°CO 2T DR
1T — & m A — %A LT 7 BREOH SO T 2T — 2 2 HIE Lz, 90°CH/REDR
BRI O IA LT OF B3 2 38 LTV W ®, HEIGEO I T T, £
7o, THRIBGEXIC LY, fHIREOIREZNE L7,

433 BNRICETLIER UV—X2)

YU —X 2 OEEBTIE, 7 HE® 20°C, 40°C, 90°CTEIREE S/ CHA LimilBrik 2 R
BIOWENRLBREICEEIL T, RYUIMMICEELRNDS, & LTEUZRDOE=
Z2 U 7 e AL LTRSBICEZRE Lz, OFE T, ESRICRERIROSMBIBIZ: 2 50 L,
OOEINIAEDOH B2 A LT,

Flz, HOIALIOTHEFZHE L THDH 20C, 40CORERKTIE, VUV —X1065]
T OTHOFHUNEITV, W1 90°CTHEA L= BRIKIC >N\ TIE, v U —X2 OAhF L
NR—=2F =V EH L CEMORE SZAORIE % i LT,

U =X 2 OREHREETLUTOFIETEMLIZ, ¥ U —X 2 ([CHE)E L7z 372 EKERJE
HEE4—8 11T,

Specimens Cured under 90°C Moisture and Underwater Curing

Figure 4-8 Landscape of Main Processing of Series No.2
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Figure 4-9 Flow Chart of Length Measurement within Series No.1 and Series No.2
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Figure 4-10 Autogenous Shrinkage Variation with Age
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Table 4-6 Comparison of Autogenous Shrinkage Value on Inflection Point (x10)
K4—6 BHRAMRICETH5EFAENBCIEV I HEDLE (x10°)

EX3 EX4 EXS EX7
20°C -783 -664 -574 -436
40°C -480 -337 -257 -24

116



FEVUE ZARA O WIN AN TR T /L 2 /L 0 B CUUHE R ORI IRIC T T %8

ACHEUETITHAEM BTV 7% DOIEEM 2 HINT 5 Z & THEELIATO B IO 2213
&mﬁfﬁé EDHERTE D,

ZOEEREMEB L OO TAOFERERVE L, ZOLUEDO RO HOZEEIZON
T7H/%F%%I4 6 IZ/RT, 20°COMESMFTIE, IERM OWRMEIZIE T, M7
H & THZEM kR L TV D DIzxt LT, mwmﬁﬁﬁﬁ%woﬁﬁirmﬂ%ﬁﬁ%rbt
%,  UIUHEZENHEGE ST 5, FERE LT, M7 BETOHThoREATYH, 40°CHE4E
L7 BN RO RE N ERR b,

Autogenous Shrinkage after
Inflection Point ( X 107%)
S
S

0
i —O0—EX320
200 | —O0— EX4-20
—@— EX5-20
120°C —e— EX7-20

_400 L ! s ! s ! s ! s !

0 20 40 60 80 100 120 140 160
Age (hours)

800
O EX3-40
—O— EX4-40
600 F —@— EX5-40
— @ EX7-40

S

Autogenous Shrinkage after
Inflection Point ( X 10-%)
S
(=}

-200

-400

0 20 40 60 80 100 120 140 160
Age (hours)

Figure 4-11 Autogenous Shrinkage after Inflection Point Variation with Age
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Figure 4-12 Autogenous Shrinkage of Mortars Variation with Addition Rate of EX at 7 Days
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Figure 4-13 Production of Calcium Hydroxide Variation with Addition Rate of EX at 7th Day
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Figure 4-14 Moisture Content Variation with Addition Rate of EX at 7th Day
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Figure 4-15 Strain of Mortars Variation with Age after 7 Days (Initial 20°C Curing)
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Figure 4-16 Strain of Mortars Variation with Age after 7 Days (Initial 40°C Curing)
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Figure 4-17 Strain of Mortars Variation with Age after 7 Days (Initial 90°C Curing)
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Table 4-6 Quantitative Evaluation of EX Hydration Rate by XRD/Rietveld Analysis
& 4—6 XRD/') — b N)L SMEHTIC & B IEIRM O RIGE & EETH T 5 E 6]

Main Mineral Composition and Contents of EX (mass%) EX/C W/B
References | Type

Free Lime | Ye’elimite | Anhydrite | C4AF Others | (mass%) | (mass%)
Yamamoto | CSA 51.8 - 27.4 20.3 0.5 6.0 50

(sl CSA 19 31.3 39.8 - 9.9 10.0
Higuchi ®7 | CSA 454 9.2 31.4 3.3 10.7 7.0 50
Sagawa 2 | CSA 26.4 18 50.3 2.7 2.6 10.0 50
Jeon ™3| Lime 50 - - - 50 5.9 55
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Figure 4-19 Results of XRD Analysis on Unhydrate Samples with Different Addition Rate of EX
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Figure 4-20 XRD Analysis Results on Unhydrate Mixture and Hydrated Mortars of 7th Day
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Figure 4-21 Content of CH and AFt Variation with Age (Initial 20°C Curing)
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Table 4-7 Comparison of Delayed Expansion Caused by EX and DEF
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Figure 5-1 Schematic Chart of Differential Movement in Concrete Body and Plasterer Mortar
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Figure 5-2 Temperature Variation Figure 5-3 Crack Rate for Plaster Mortar
during A Year ! Constructed in Different Month (Without SR)
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Table 5-1 Martials Used for Mortars
Fz—1 ELZIVICERALE=#HHEEE

Material Components Outline of Material Components

Cement (C) Ordinary Portland Cement (Density: 3.15g/cm?)

Crushed Sand Produced in Kurose, Higashi-Hiroshima
Fine Aggregate (S)
(Saturated Surface Dry Density: 2.58g/cm?)

EVA Main Component: Ethylene Vinyl Acetate Copolymer Emulsion

Shrinkage Reducing Agent (SR) | Main Component: Lower Alcohol Alkylene Oxide Adduct

Table 5-2 Compounding Details of Mortars
x5—2 EILRIORAEEH

Ww/C S/C Admixture
Symbol
(mass%) (mass%) | EVA/C (mass%) | SRA/C(mass%)
PL 10 -
52 240
SR 10 3
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Figure 5-6 External Wall Temperature Variation during A Day Acquired in RC Structure
(South Side) Located in Higashi-Hiroshima City
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Figure 5-9 Schematic Chart of Calculation Method for Thermal Expansion Coefficient
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Figure 5-10 Schematic Chart of Calculation Method for Thermal Expansion Coefficient
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Figure 5-11 Thermal Expansion Coefficient Variation with Age
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Figure 5-12 Thermal Expansion Coefficient Variation with Age
(Effective Age Used, Eo/R=4000K)
B 5-12 #RERFHOBERETIL (BMEMER, E~/R=4000K)

MIZ/RT L9, PL & SR ZH#ed 25 &, SRIEPL HIZIEFREEZRER 2R LTV D 3,
WA OB B PL & Wl U TR TH D Z ENnnDd, Ziuk, IWEEREAIICL 5
AV NOKRFIIEDEIEARIZ L Db D EB 2 HND, £T2, SR T, HIEEREO M
BB IZ N T, N—RIREOFHIEIC K D RIRE ORRRFE(L 2, LR A2 i CH 3T
FIETE TN ERMERSND, 202 ik, HEEKEHERIORMCE > T, L1~
NYU 7 ZDOERIEFEN XV IREBEORELZZ TR RoTnH I EEEKRLTWD

BEAE DOBFZEI K > TH/MIELR e ) BARE oD BB b S48 m) | UGHEARIRR o NI & 0 4
%ﬂ%?%é*&ﬁ%%ﬂ’émrw D428 KREBRITAE AV RS 52%THY, Ml
48 WFfHE COFHIITIZ A CRRIC L2 B &<, £D72D PL, SR & HITIZXFERED
HIEMEZ R LTz,

150



FIE RCEEMICBIT D a7 U — b ORI O OFIN NI B4 2058

(2) BEOTAHLEL0TH

RIRDOFELEE L H LB LY, L ZANEELCEE T HEE, MIERRE O
FACII R E R EWR A RO, IRE LA & TREREOMIEIRREN LR 556, F—REORELE
T > THENZ/VTRENGHE « REMEOT H1EE T 5,

FARDOWRICBNT, KL milEREsH T 5~Aar 7 ) —bEEELE
RERIAR ORI IRR I L ONRE O T AORFEARSE L 25, IRENTRET RO
PRIZIRMRE A R E < 720, #ERE L TRE PRI OT AN EISE LR RP G LN
781, Z ORERIE, AKFFEEC LY EiREREEZ AT~ A2 7 U — MIBWT, #IZERE
BORBFELNOVENY 27 2@ 5 etERnd 5 2 L 2 BT 505,

B 5—13 1%, KRB DENLZIVICR—R LR HIRERIEE 5 2 1236 OROT HOFREE
ZIbTHY, B5—141F, 20T & & HZRREORREZE{EZ AW T, 522Q)F Tl L
HIEC X > TEONESELZLDREOTHORELTH 5, B 5—15 |34 48
S, PR LR T 27.5°CICR > CEERRICBIT 2 20T A LREOTAZ R LD
DTHD,

800

—O— PL-Temperature Increase
—O— PL-Temperature Decrease
600 —{— SR-Temperature Increase
—0— SR-Temperature Decrease

N
[
(=]

N
(=
(=]

Total Strain (X 10°)

[e)

-200

0 8 16 24 32 40 48
Age (hours)
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Simulating Daily Variation of External Wall Temperature
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Table 5-4 Thermal Properties of Concrete Body and Plasterer Mortar Used in FEM Analysis ['7]
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Thermal Properties Analysis Objects
Concrete Body Plasterer Mortar
Thermal-Body Definition No-Heating Element | Heating Element
Initial Temperature (°C) 27.5 27.5
Thermal Expansion Coefficient (X 1076/°C) 10 15
Heat Transfer Coefficient (W/m*°C) 3 2.8
Specific Heat (kJ/kg-°C) 1.02 0.928
Density (kg/m?) 2300 2100
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Figure 5-19 Effect of Shrinkage Reduction Agent on Principal Stress Generated in Mortar
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Figure 5-20 Outline of Crack Behavior Long-term Morning (Hokkai-Gakuen University, Eng.1)
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Figure 5-21 Morning Result of Wall Surface Temperature Variation with Date
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Figure 5-22 Morning Result of Crack Behavior Width Variation with Date
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Figure 5-25 Schematic Chart of Cracking Behavior with Wall surface Temperature
Increase When Thermal Gradient Does Not Generated in Cross Section
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Figure 5-26 Wall Surface Temperature Variation during Sept.12 (South No.1 and North No.1)
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Figure 5-27 Crack Behavior Width Variation during Sept.12 (South No.1 and North No.1)
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Table 5-5 Thermal and Stress Properties of Elements Used in FEM Analysis [7]
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Analysis Elements
Thermal Properties
Seismic Wall Beam Column Crack
Heat Transfer Coefficient (W/m+C) 1.6 1.6 1.6 0.0257
Specific Heat (kJ/kg- “C) 1.02 1.02 1.02 1
Density (kg/m?) 2300 2300 2300 1
Youngs Modulus (GPa) 22 22 22 0.002
Poisson Ratio (-) 0.2 0.2 0.2 0.2
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Figure 5-31 Temperature History Used in FEM Analysis
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Figure 5-32 Analysis Result When Temperature Increase Slow (+0.1°C/h)
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Figure 5-33 Analysis Result When Temperature Increase Fast (+5°C/h)
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Figure 5-34 Effect of Thermal Expansion Coefficient (TEC) on Crack Behavior Width
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Figure 5-35 Effect of Thermal Conductivity (K) of Concrete on Crack Behavior Width
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Figure 5-36 Analysis Result When Restraint Degree is Large
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Figure 5-38 Morning Result of Wall Surface Temperature Variation with Date
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Figure 5-40 Wall Surface Temperature Variation during Dec.22~Dec.23

X5—4012 A22 B¢ 23 BICBITAEEEEODBLH
0.04

—{+— Upper
| —3— Lower

g
S
et

-0.02

Crack Behavior Width (mm)
S

Dec.22 %

I 7 I

-0.04 . L Lt
0:00 8:00 16:00 0:00 8:00 16:00 0:00
Date

Figure 5-41 Wall Surface Temperature Variation during Dec.22~Dec.23
E5—-4112 A22H&L 23 HICHITABREEEDBES

173



FHIE RCEEMICIKIT S a7 U — b ORI O OFIN N B 208

B 5-41 12 LI2BIE7200 T2 <, ERSIRICIB W TS, OO EE B PHZE ) iE 23
THEIVRENZ LR TE D (B5-39), I, 2NEHEIZHNT, OO L THE
DIREZDN NS VR TH > ThH, F—O0OFNO FTEE EECOOE LB A2 BhiE X3
L HE7p0, 8.2, ZbOHEBEN XV iEWD B TOUENFEEHENRRKEZ < 2oTNDH T L
DHERTE T,

WIKETTHONET =X 2 AT, OUEINEHMRE S IRELSHOMRERE 7oy F Lz
FERAZR 5—42 (R, AWEEOMmICHE DTSR L FKIC, BEO EFICHEY, OO
TR NS <720, AL 2 HAICEET DRERDG Oz, BEE TEOOUEINZE) &
IREEDBIRMEZ LB L CTH D &, EEOLN ORIV, IREELE) Z & IZOOFIFUBPAE
NELLBVEAIN R BN S, ZNHDOFERIZE > Th, FHRZEOMENREEHRL ZIT 50
OEILE T, OOEINBEMARMEI S THWD Z &R TE 5,

0.2

Lower O 11/1-11/3
’g go-ﬁ °@ 11/4-12/7
= hd @) -
= = ol 3 12/8-12/12
2 2 D | °@®12/13-12/31
= z @
g 50.05 3
5 3 o
< 5 @
al m 0 f
2 S
Q s
5- ©-0.05
_01 L L L L L L L L L _0'1 L L L L L L L L L
-5 0 5 10 15 20 -5 0 5 10 15 20
Wall Surface Temperature (°C) Wall Surface Temperature (°C)

Figure 5-42 Relationship of Crack Behavior Width and Wall Surface Temperature
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Figure 5-44 Simplified Chart of First Floor Plan of Object Structure
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Figure 5-46 Outdoor Temperature History for Analysis Simulated Based on Measured Value
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Figure 5-47 Analysis Result of Wall Surface Temperature Variation with Time
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Figure 5-48 Analysis Result of Crack Behavior Width Variation with Time
5—48 VD UEINERAZEEEE LB DRZTIER

—77, TR RICEB T, EE THOOOEINHPAZEEICER 5L, THTHELN
OUEINZFENMEN EHOFER LB L TUNSWI MR TE 5, 2 OfRIE, T oMEmn
E—H LTS, 2F 0, BITCE O TYH, OOERBHAREMEIZ KIET FERORELH
WTETWVD,

LA o> SRS Rl N BUEARAT I D KRRGIEIC K » T, OOEIN DI B [H) & ELAZ 5 M)
\ZAFET DEM DY, OOFINBAPAZENCH R R 2 5 2 5 rIREME DS iR CT& 7o 2 ORGEIIC
£ LB Z0E, OUBINAFAE LTBEERFIC, o ZRENRKEORE - M B FET 58
A, OUENZEINTI L D /NS D MR LT D, £ 2T, AENrET VA HNT, R
DRI T 2 NNT AN v I AET 1 4T o0,

(I) O-OEIFUBHPHZE R 1 M E TR O

AFRHTCIE, OOEIRUBHBAZEENC KT RO TR OB LD DT, FHEROY
v IREIERT A—4& L LT, 0.001GPa, 22GPa, 50GPa — DD L~YLEFREL, 1T
STz, ZOWHEIT, TERZLSA O & B O v > 7R 51T 22GPa —EE Z 7R E L7,
F iz, TR L DRSS 2 HERT 2720, — & H RO i AL C o [ E 8RS & bR
L, BHREEASFMHEZHRE L, Z0%HA, OUEINEEICKIZTTEEBERIZOWNT, T
DYV TREBME—DRT A= ThHDHEZZOND, 2D DL TR LR R 2R 5
—49 (2R,

179



FHIE RCEEMICBIT D a7 U — b ORI O OFIHENZ B 5 e

—O0— Eb=0.001GPa-Upper

-0.02 —O— Eb=0.001GPa-Lower|
—o— Eb=22GPa-Upper

-0.04
—O— Eb=22GPa-Lower

-0.06 —3— Eb=50GPa-Upper

Crack Behavior Width (mm)

—(— Eb=50GPa-Lower

-0.08

0:00 8:00 16:00  0:00 8:00 16:00  0:00
Time

Figure 5-49 Comparison of Crack Behavior Width for Different Young’s Modulus of 1F Beam
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Figure 5-50 Comparison of Crack Behavior Width for Different Young’s Modulus of Column
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