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Stress-and crack width analysi
and failure analysis

Hygro -thermal

analysis _
SIS

Hygro -thermal
emical drying analysi

expansion analysis
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Solidification Theory D&

B Dav ) —k IS NERIT T, HAEEELERL. TDE
F-EIENTITH, ECTEEF-LRDEZITHI5EDEA
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A CTn o,

f and v
C)-G ¢

EHRDOESE. HDHV T ABEREZIT-RIC. FRIT LIS
ARREIENEGLOELEMEDZ (T HFO>TWAIL HIBRER
LTLVS, (Solidification Theory)
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do, :Zi—Z-Ag-Av(r)

:Eéf(r,g—gf)-dg-dv(f)

fi f (r,g—gf)-dv(r)_-dg

|0 0e _
= J‘tif(r,g—gr)-av(f) -dr |-
0 0¢ ot

|
,
o
M



EORT (2 f(rsm0)-dv(0)|-ds
00¢

Ec, f(r,e—¢,)

[T

D . BEFRHE

[F. BRODIEGH L e—eAEDEFFIZ €0, L=

MoT.
[fi f (r,g—gr)-dv(r)}:dvl*mc E=8)  gorAE—am8)
0 0¢ Ag Ag
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f and v

f and v #osrr~esn

(1) +HEIE L= TEAINIESIZE, EERMITROLNT
LNBRE fc' E—BLEFNEEDE,

) ELEZRYT Y ([F.&BHICT. OTHESTIEGELELY,



(1) DEHIL. gT =0 DIF/LETNDT,

do, {j@if(f £). V() -dr]dg

o€ ot
_ 0 ov(7) 4
i o

9 t(e). J»(?V(T)

=gf(5)=gf(5)c

L f(e)=f(g)e
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:_j;ai e —gij,f)-dv(f):-dgij
— J;(;Z f, (7, E; gij,r) agf) dT_

Dy -de;

J




EDHITHET,

k:|:1’2’3 DEFIZDH ka:f
k = | DEFIZIE f, =0

LIRETHE

FARIZDAHEFNFET HBE DB FELIK
ETILIZT—H9T 5, LHL. BlEAO, BFI. BEFRHE
DEMEGY . EEDMEBTODIE NEREZREIET
HZ&EIZIEB,




AKX ERBER =B

I 100mm 11 100mm 11 100mm I

100mm

I RERS0m
3mm A




AKX ERBER RBREBITEDOLR

L T T T T '
FELRD —— EERE ]
4 \ Ot=4Hv(4)=0.89 -

i ! ; At=28H v(28) =1.0 1

CMOD(mm)

far B2 (KN)

t=4 v|(4) 089 — %%ﬁﬁ |
J 0t=28 F |
’ FEATIE

CMOD(mm)



AWK BIBERREREMENTED LB

Axial stress (MPa)

15
10 00000,
i N
\\Q__‘::
0
0 0.002 0.004 _0.006 0 0.002 0.004 0.006 0 0.002 0.004 10.006
Axial strain Axial strain N _ Axial strain
Initial loading 1day Initial loading 1day Initial Ioa}dmg 1day
Re-loading 3days Re-loading 7days Re-loading 7days
= 30
o
s 25 *“QQ%O
2 20 " NN
& I i Y C AN
c—(g e N ==
2 \M‘
<
0 0.002 0.004 0.006
0 0.002 %&0& strai?fOOﬁ Axial strain
° 000z Aal strain *°° S Initial loading 7da
Axial strain Initial loading 3day ading rday
Initial loading 3day Re-loading 28days Re-loading 28days

Re-loading 7days



59 im b O io D FL IR IR i = D R B



JCI 2011

< _ gshp
T 14+ ¢t
RH
o alb-mw a'(l_looj'w
shp o
1+150exp{— fFf(O208)} 1+150exp{— f5’(0208)}

¢ =10"*{15exp(0.007 f/(28))+ 0.25W }



CEB Code, 1990 (Euro code later)

&cso — &5 ( fomas ) Ban

e (f )= {160 +10- B, -(9 —ffcm%)}xlo‘ﬁ

cmO

Py = —1.99 ¢, (40% < RH < 99%)

Say =+0.5 (RH=99%)
RH Y’

—1-
ﬂsRH (RHOJ

RH : relative humidity (%) (40%~100%)

RH, . =100%
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Oriental Shiraishi Co. Hara and Shoji

———— JCI-n=0 ==l --Experiment
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When temperature field changes, we can
not use relative humidity as a variable to

solve the Qigﬁjsmnvdjﬂ@HeqTIn stead,
Vw = (dw/ dp)Vp
ow A
=05 Tp==Cy T
ow . :
(E)p=—V']W—Wd ceee(2)

Boundary condition,
n']w = aw(p B pO)



’ Schematic model of cement grains and water grains in
the hardening process

t=t,

Water
grains

Solid
grains_—

/

Vapor
grains

P, +Ap




Schematic model of cement grains and water grains
(Fractal nature may be possible)

Solid

Water




Force to introduce contraction of grain

organization

F=wBT-P-dV
a3

) V
Vi i O(Vi
Sy

Vi i O(Vi i
v Pwt /) < Ps
ps] - T
i (szi
Pw + T I




Contraction force related to the specific
surface area

r?; or?;
F=w W'Yw‘l' v ‘Bys] - T
Sp sy _ Sp
OC[V'VW_l'T'BYS 'FZ(YW_l'O(BYS)V'F

fL (1) = fo(s, (1)



Appropriate form of @

f.(t

Agsh(t) — Q(f, ) ' Agsh,hardened
c,28

f 'c(t)> f.®
0 = (L yn
(f'c,zs (f'c,zs)
f.O\ -
Q)(f’c,28> — Sargin s formula

or other forms



By Oriental Shiraishi Hara and Shoji




Concrete constituent properties

Thermal Properties

Mechanical Properties

Unit

Drying Shrinkage

Autogenous Shrinkage ( JCI

Parameter Standard ,experimental)
. Cement
Cement Kind | .
Unit Water
(ke/m3) JCla | CEBB | Content Y W/C| = cC d a b
(kg/m3)
Normal 337, 11 165 1| 049 0.3 3070 7.2 0.13 0.85
Portland
Cement 446 11 165 1 037 033070 7.2 0.3 0.63
High Early | 337 15 165 1.2 0.49 0.23070 7.2 0.13 0.85
Portland
Cement 446 15 165 1.2 0.37 0.23070 7.2 0.3 0.63
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-8.00E-04
-6.00E-04
-4.00E-04

626%%?6%4 Crack equivalent strain distrb. (Ages=55 days)

9 00E-04 earlier drying curing
4.00E-04
6.00E-04
8.00E-04
1.00E-03
1.20E-03

Crack equivalent strain distribution to X dir. (Ages=55 days)
7 days in water

Oriental Shiraishi Co. Hara and Shoji
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1.60E-03
1.80E-03




Oriental Shiraishi Co. Hara and Shoji

———JCl-n=3 --m--Experiment
e JCl-n=3 --m--Experiment
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Smeared cracking modelh'5. BRIV UEINIBZ

1.5mm vertical crack
at both sides of the
thick base concrete
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Crack equivalent strain definition

Figure 2 Crack width and spacing



(X —Xo) Aw
u = S "1 ﬂw:[(K_Kﬂ)'n]'?:[(x_xl})'n]'ﬂwmcrack
(AW, /S)
ﬂwmtl‘ﬂcl{ — 4 ﬂWFfS s
Aw, /s

u= [I'lllEl ﬂwmcrack](x — :!":ll'r:]I

/

EDOROFRERITIETE . AT ITMIAZENLZ R L TIN5,

1
Ecrack — E (I’l@ ﬂwmcrack T ﬂwmcrack@'n)

ST, MEIZ EOODEINAE Y OT Bnb, aif iz L CEEE )72 OOV E LS
REHTHNTHAIN, ZELLTDOIHITEL,



In case of X axis coincide with axé:

AW

EXX ,crack = S =& gr

dW = & %X crack ds

L2
w,=| &

S
L1 crack



Estimation of Crack Widths from Smeared Crack Equivalent Strain
Distributions

L2 d L3
W, = _[ngcrack X W, = _[ngcrackdx

v




3R TTZEMNTHLHR T AT, 257 MU EZR O OEINAR H O BB NI A
AV T EDD, LD, OOFEIRUE, OOENEIZRBIT 5T AR~V =E
MEHHETED,

FHAOOEI O O EFUE 1L AW A VT AE T2 EL T PRk
DI EENTTT L

_ _ 2Q .

Exx,crack = NxNx AW/s = cos“0 - &g,
_ — a2 .

Eyy,crack = NyNy AW/s = cos“@ - &,

€27,crack = NzNz AW/s = cos® s - g



Three dimensional extension

Aw = \/AWXZ + Awy2 + AWZ2




Real size experiment conducted by MHC
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Mechanical properties of concrete
—mm

28days strength 26.1 24.8 21.9 32.2
f.(28) (N/mm?)
Development of —_ f (t)=t/(4.5+0.95t) X f (28) X 1.11
strength f_(t) (N/mm?) C( ) /( ) C( )
Young’s 25000 Ec(t)=4700" (fc(t))05
modulus(N/mm?)
Creep — Effective Young’s modulus method
Tensile strength f,(t) S f (t) =0.3- (fc(t))o.s
(N/mm?2) '
Poison’ coefficient 0.2 0.2
Thermal expansion 6.90 6.63 6.63 6.51 7.73
coefficient
a( X 10°1/K)
Reinforcement — 0.25 0.25 0.25 0.25
ratio(%)

Slit — yes yes no no



No.1-1 Crack locations and crack widths I

Black: exp.
0.25 0.44 0.23 Red : cal.
0.10 |
Z
Eele __ 100 Location where crack width
Dele 4 -0 is measured
200
Cele + 20
Bel® 20
Ae o g0




Mesh discretization \

-1/2model
-constrain to z direction under the footing

“symmetry
boundary



adiabatic

12 W/m2-°C

2 W/m2-°C

At the footing

sides:

boundary
upper surface:
bottom surface:

<= symmetry

Thermal boundary
First 2days 1W/m2-°C
After2 days 12W/m2-°C

Convection coefficient at the sides and at the top

1




No.1-1 Calculated temp.(real line) versus Observed

temp.(dotted line)

Temp. (°C)

U

10

No.1-1

200

, 250

o

250

Upl
= Up2
— Mid
— Lowl
— low2
- HE5311
- FE312 |
- - HE313
#5314
——— ES315 |

0 1 2 3 4 5 6 7 8 9 10 11

Ages(days)

13 14



Thermal properties of concrete

footing No.1-1 No.1-2 No.1-3 No.1-4
Thermal > 7
conductivity (W/m=K) '
Specific heat (KJ/kg*K) 11
Specific
density (kg/m?) 2330
Casting timperature .15.0 18.0 185 18.0 20,0
(C) Init. Temp
Adiabatic
temperature rise — 48.7 44.2 42.6 57.0
Q.(K)
Temperature rise
velocity — 1.00 1.02 0.80 1.02
Y
Unit cement
content (kg/m’) 300 300 250 380
Cement kind — (N) (N) (N) (N)




Reinforcement layout

Vert. Reinf. D13@500

Horiz. Reinf. D13@400(No.1-1,1-3,1-4) 2 /)
D13@360(No.1-2) 1 =Symmetry
/%/;f(; boundary
Farie o
deginlis
’/;:/:E::/” g [ §ﬁ
//f’:j/’::/f -
i g5
,ﬁf#j B
=]
a=1.0 X 105 (1/°C)
- E=2.1 X 105 (N/mm?2)
\ 0,=345 (N/mm?)
N




Calc. crack equiv. strain contour along the X direction
(with Slit)

=symmetry
boundary

Ages=336 hours with slit




No.1-1 Crack equiv. strain along X axis dir. Slit exist)

(% 10%)
600 — - - ¢o—No.1-1 &
—f—No.1-1 71 R &}
No.1-1 &}
500 —
Upper
—~ : =X FNE
S 400 point Y
S
N
R \
© 300 ]
= Midheight
S 200 13011‘11—' 1 —_—
© 100 Lowr ]
il A
0 5 T o A %  — ;' ﬂv
0 1000 2000 3000 4000 5000 6000 7000

Distance from the symmetrical boundary(mm)



Comparison of the calculated crack widths
and the observed crack widths

Exp.(mm) ® JCMAC3

IR Z3p8 4
) Sl A o
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0.30
N °®
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o o
)] o]

Crack width summed,Exp.(mm)

o
N

;
(

-0.1 0.4 0.9 1.4
Crack width summed, Cal. (mm)




LECOMTH

AT L7283
FEMT

FEZRB DI

BECPA



T — = ‘

S ]







i

CRVCE. TEORBREM-P2-P3 - P6—A2% 2EORKEME LTOTHNE - LRRTEOLRE /BT 5,

SBCELTH, TREG Ny 778 (2mER) BT, 0 Iml EOVCHNERRL, ~yF v /A0RGIEN T, 0, 2l EOOTEN 2 RRT 5,

Iy Te=-2A
]

E: lrl LS

W F ]

T

bl w}:

o
R ‘@jﬁ{r‘ﬂ&v _\.‘
N S ey

g

SR

\

SR

— A e e e )
— et
" R U o
.\@ W
i 3
- AR
,&\
g e ———
N el \
W e W

MW
@ﬂn-m ‘\

{

| A




i 4a7 T R AT DR

AR D EEHTIER

JEIVIREE O UEINFEARR
K MHELT,

i 41 J3 & AT

HEG DB TRELEVUVEh AR EFER
BAARDUVUVENERELZHSE

- FRlESNSME AN EZEE2AELDELIIZ, OV
FAhFEEZROIRILX—IRINEZIETRE
AHIER DA AT TIX, OVEINEAZT
T I)LLE




& frT AT £

B ARIZx 9 B ET

P2 —P3[H], 2 EDEE

36154 5300 36147

PR E(X, HERZFERIT S
EICKY, BEHREARLELS
EBHRIITEKTE

10000
=
T p1far B2
p2far B [T R
5 | R 1 | | 2
Al Pl 32 49 | A2
4 I |P3 P4 P5 Bl
L1 - —
-P3—P4[H], 49T E D EEE
36147 5300 44105
10000
I
A p1fr
p27r7 B LT (R
s | np | y
Al JTLPI 32 149 | I
P2 P3 P4 Ips P6




[FIZxt 9 DR ET

& frT AT £

"P2—P3H, S7ME ORE EEL SRR BT
107 LIkY, BEME A BERELS
10000 TAHEDITERTE
<
plfef & 1T
p2fi B [T
T * ? i
Al Pl 37 ‘ 54 | 1 ¢
- P2 |P3 P4 p5 |P6
-P3—P4fE], S4EFEDEE
46755
10000
T
pl & (]I
p21a7 B by
Al Pl 37 54| 1 3
—— - I — -




[T

535 4880 (4960)

(455) 2130 92750

(2210)
p2fnfEE
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pl{nf EL
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