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Nonlinear Voxel Finite Element Procedure
for Compressive Strength Evaluation of Hardened Cement Paste and Its Applicability
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To predict the macroscopic compressive

strengths of hardened cement paste, a

digital-image-based finite element procedure for damage evolution due to local tension is developed

and its applicability from practical viewpoint is studied through numerical experiments. In the

procedure, microscopic three-dimensional geometries of hardened cement paste are assumed to be

periodic and each phase is randomly generated by using auto-correlation function evaluated from a

two-dimensional SEM image of specimen. Nonlocal isotropic damage model is employed to

represented crack evolutions in the geometries. Predicted macroscopic uni-axial compressive strengths

are qualitatively consistent with experimental results in terms of water-cement ratio and material age.

Keywords: Two-scale analysis, 3D digital image, Periodic boundary, Nonlocal isotropic damage

1. 0000
gooooooobbobbbbobooooouooo
goooooboobobbbbbobobooooooooo
gooooobooobobbbobboboooooooooo
goooooboboobbbobbobooooooouooo
goooooboobobbbbbobobooooooooo
goooooboboobobbbbboboooooooooon
ooooooooobbbobboboi1ogoooo
gooooooobbbbbboboooooooon
goooooboboobobbbbbobooooooooon
goooooboboobbbobbobooooooouoo
oboobodwcODOODOOO0O0OO0O0O0OO0O0ODOO
goooooboboobobbbbbobooooooooon
goooooboboobobbbbboboooguo 400000
gooboboooooboboboooooces-Hoooo
gooooobooobobbbbboboooooooooo

oooooobobobbbobbooooooooooooo

0000000000000 0 Y"000000000
0000000000000 00000000000d
000000 30000000000000000D0
000000000000000000000000

*OO0O0O 20100 050240000000 20100 070 20
gooogggzeobosdoobbo20i000b0nononon
Manuscript received, May 24, 2010; final revision, July 20, 2010;
published, August 09, 2010. Copyright ©2010 by the Japan Society

for Computational Engineering and Science.

Yomg 0000000000000 O00000O0O0
0000000000 0000000000000
0000000000000 00000000000
000000 100000000000000000
0000000000000 00000000000
0000000000000 00000000000
oo00o0oOooooooooooO0o0oOooooon
00000 200000000000000000
000000000 0000300000000
o0 "™pooo0oo00000ooo0ooooooogo
00000000000 0000000000000
0000000000000000000000b) O
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 000D00DoOD
00000 D0D00000000000000
0000000000000 00000000000
000 Y0000000000000000000 9
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000



gooooobooobbbbbobooooooooon
goooooboboobobbbobbobooooooouooo
gooooobooobobbbobbobobooooooooo
goooooboboobbbbbob20000oooon
O Fourier  OOFFTOOOO0ODOOODOO 00
gooooobooobbbbboboooooooooo
ooooooboboobbbbboboogo
godpooobobobobobobooobobooboooo
goooobooooooobooooobboooooonbo —
gooooobooobbbbbibd —oooooo
goooooboboobbbbbobooooooouooo

goooo1oobbbobboobooooooooobooon

goooooboboobbbbboboooooooooo
goobooobobooooooobooobony oooo
gooooobooobobbbbbobobooooooooo
goooooboObObbobObOmoooooboboboDbon
ooooooboboobobbbbbobooooooouooo
goooo2ybboboooooooooooooooon
gooooobooobbbobobobooooooooon
ooooooooooog npnobobooobboboo
gooooobooobobbbbboboooooooooo
gooooobooobbbobobobooooooooon
goooooboboobbbbbobooooooouoo
gooooobooobobbbbboboooooooooo
gooooobooobbbobobobooooooooon
goooooboboobbbbbobooooooouoo
goooooobbbbooooooooooobooo 2
gooooobooobbbobobobooooooooon
goooobooobobbboboooooo

2.000000000000000000D00000
0000000000000 D0000DO0 300
000000000000000 1000100 80
0000000000000 000D00O00D00OOd
0000000000000 000000000O0 1
0000000000000 00000000000d
0000000000000 000D00O00D00OOd
00000000000 0000000000000
0000000000000 00000000000d
0000000000000 000D00O00D00OOd
00000000000 0000000000000
0000000000000 00000000000d
0000000000000 000D00O00D00OOd
00000000000 0000000000000
000o00O00O0o0oOooooooooog 99700
0000000000000 000D00O00D00OOd
00000000000000 1000000000
000000O0000O0OPCGOOOOOD
21 0DO00D0OD0OO0OO0OO0OD2000000
300000000000Y0000YDODOOO
000000000000 000 EQYDOODOO
000000000000 0000 uwi(y)OODOO

gono
utdy =0
fy (H

Joobobobobobobo end
& =E+ Vsu! )

OooOooooooovsoyoooooooooooo
goooooooooobebbODODODODODODODODO
goooobbbboooooao

c=Cce 3)

gooooooooooobobcobbobOObDDOn
goooooooooooobbbbbebODOOOO
gyoooooooooboboo

V-o=0 4)

goooooooooooobbobbobz0Ob0O0OO
gooooooobo

r=—/| oady Q)

Dooolyl= f,dy0o0on

0@00000000@OD@GO0000000o0on
000000000000000G)000E)DG)0
00000000000000000000000

&G o

goooooobobbobbobobooooooooooon
gooooobobobbbbobooooogouuo et
U0OngDO00O00O0OB, O0O0OO0DOOOOODODO
0000L 000000000000 000000
gooooooboo

Mel

K=ZQ&%, &=kamﬂy
e=1 Ye

Mel

R=) LR, K, = f BIC, dy (7)
e=1 Ye

k=YK, ie=fcedy
e=1 Ye

ogooo
O000O0O0DEQCOOOOOXxO00O00O0O0O0O
O000o0ooooooooooooooouooooo
gooooooboobbooouoboo Efbz,00
0D0000O00EO0:000000O0000000
Oo0ooooooogo

1_(2 u! 0
Ky, {E1}={|Y|Z1} (®)
Sym. K,,| \E2 Y1z,

K

F



Ooob0E,000ooooooooDbD

(K - K,K;1RT ) u!
o E, )
v 2 R22(lY Iz, — KLE,)

00000000000000 2300000000
0@Ouw00000000@®D0 300000E,00
0000 20000%,0000
0000000000 6 00000000000
E;=[10..0]T0[01..0]T0..0[00..1]TO0O6
0000000000000 D00000000000
O00000w Oz, 00000o0oooooo®o
0000000000000 00000000000
00D000oO0oDO0oDoo
22 00000O0OOOOOOOOO
0000000000000 0000000000
0000000000000 D00000000000
ooD0oo0o0DOo0oO0oOoGoOoOooooooooog @
00000 O000000000o0ooooon
0000000000000 0000000000
oooooooooon

&y) =

ey +s)a(s)ds (10)
fnpn Oy

a(s)ds frzpﬂ 2m
O000D00000Da(s)000y0s=00000
0000000000000 00000000000
000000000, 000y00000000000
U0D0RyUODOOODO0ODeO0ODODODODOODOOO
U000oO0Do0oo@ao0D00oooooooon
0000000000000 00000000000
0000000000000 00000000000
0000000000000 D00000000000
ooooooo

0000000000000 D00oooOo®o0000
0000000000000 0000000000
0000000000000 00000000000
0000000000000 10000000000
0000000000000 0000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 0000000000
0000000000000 00000000000
0000000000000 000000000000
0000000000000 0000000000
0000000000000 0000000000
0000000000000 00TOO0OO0O0OO0OOO
0000d=dM00<d<1M00000000D0
oooooc,00000

c=01-d)c, (11)

gooooooobbbboboooooo

0 r<r,=VE g

1=eoln(T-1)) 2
- exp ™ =71,

d=

r=r() = max {r(t)} (12)

T(t) = /(€): Cy: (8)

0000, 000000000000 10000000
EO Young0OODOOOO(OOOOO-00000
000000000000 000000000000
00000000000 000000000000
000000000000 0000000000kDO
000000000000000000000000
00000000000000000000k000
00000 10000000000000000000
00000000000000000000000
a(s)/maxseq, @(s) 0000000000000 00
0000000000 kk00000

, a(l)
J- ldl= J- —d!
0 diameter of 2y ?Els)]\i Cl(S)

1

= T‘SX 0] a(Ddl (13)

diameter of 2y
D000oyDOOa(s)=1000000y0000kO
o000 000o0ooooooog
23 0D0O0O00O00O0O0OO0O0O0

00 1000000000000000o0gn pC
0oo00oO0OoO0OpCcGUOOOOODOOOOODOO
0000000000000000PCO00O0D0O0
000000000000 0000OO cPU OO0
000000000000 000000000000
0000000000000 CcCPUODODOOODDOO
0000000000000 00o0ooooooog
00000000 O0O0OO0opPCcGUOOOOODODOOO
000000000000000000000SpMVO
0000000000000 0000000PCGO
000000000000 000000000000
000000000000000000
(Y DoDoooooogo

PCGOOODOMM(9OOO SpMVOODOOOODOO
O0D000000000000000 K-KK;3K! O
0000000000000 00KODDODOOO 30
000000002700 3x30000000000
00K, 000000000000000000000
DIAGOO ' DO000ooOoooosSpMVvOOOOO0
000000000000 cPUOODDOOODODOOO
000 DIAGOODOOPCOOODDOOODODOOODO
U 0O O O Element-by-Elementtd EBELO O O O O SpMV
000000000000 000000000000
OOPCGUOODODOODOOOOODOODOOOODOOO



0K OOOOOOOOOOODOODOOOO0O0wi0oOO
gooooobooof,0bbbob0b0000ooooon
ofd0000DbO0o0obO0ooboboooooooooog
gooooooboobbbboooo

Nel el

fe Y 1| Ke(Lew) ], wie ) RI(Lw) (14)
e=1 T e=1 ¢

Ue
fe

w, « LT (i;zl(iwl)) (15)
Nel

f(_f_ZLZ(ReWZ) (16)
e=1 fe

O000Ow,0w,0 6x 1000000000000 0OLO
0O@UO0O00O00000000oooooooon
0000000000000 D00000000000
(16000 200000000000000000K;2
O006x 60000000000000D0O00DOODO
OD0OO0OD0OK,DO 24x24000K, 0 24x 60000
000000000 00001 00 SpMV ODO0ODO
{2x(24%x24)+2%x(24%x6)}ng+{2%x(6x%x24)}ng =
17281, 00 0000000000000 OODIAGDO
OO0 spMVOODOOOOD 310000000000
O0O0O0O0OK,, K, 0OOODODODOOO0OODO0OO0D0O00D0
0000000000000 D00000000000
000000000 00wWO0fO00O0D0O00O00O00
0000000000000 00000000000
OPCODO0DO0DDOOODOODOODODDOOD
000000000000 ?00000000000
5L, 0000000 EODO00O0OOOOOODEBE O
ODIAGODUODODOUOOODOODOEBENDODDOD
0000000000000 000Doooo
O0D00D000O0O000O0O0OO0EBEOODOOODOO
0000000000000 D0000D0000d K,,
K,O0OOD Lamé 00000000 1—-d,)0000
0000000000000 00000000000
00D000000D00000D000100030000
O0D00D00O0K,, K, 0 2000000000000
0000000000000 00000000000
0000000000 WiOoD f,0000000000
0000000000000 00000000000
0000000000000 0000oo0ooon
0000000000000 w00000000
000 fOO0OMOODOMOOODOODOO0OO0OO(Pp,q,
nNO 3000000000000 100000000
0000000000000 D00000000000
0000000000000 00D0000000n
EBEOOODOO0OODOOODOODOOOOOG,]j, kOO
030000000000000000000000
0000000000000 000000w000n
Duwl0DOO0O0OO00O0O00f00fOODOOOODOOO

0000000000000 00000000000
000000000000 300000000000
0000000000000 00000000000
00000 20000000000 20000000
OpenMP 000000000 DO0ODOODODOODO
00000000 SIMDOOOOODOODOOOOO
000000000000000000020000
0000000000000 00000000000
0000 s50000000000

(2)FFTO DO

PCG D000O0DODODOODOOOOOODODODOOOO
00000000000 0000000000000
000000000000000000000000
O0DOO0OOOFFT-PCGO70000000I0D0O000
0ooooooooe)o

o = Tr(e)l (17)
obo0ooO0o0oo0oOo0obObOOooDbDOoobOOoOobooon

Viul=r (Viul=r (i=123)) (18)

00000D0D000000000000000 rOD0
0000000000000 000000000
00000300000 Fourier 0000000000
OOFFTO00D000000000O00 Poisson [
00000D00000000D0D0000000
000D0000000000000 YO [-ra®0
0000D0D00kKkOO0OO0O0D0O0000O00y,000
0000w O00k=00 0% =0000

ul) = ) ahexp(V=T k) (9
k
0000000090000 00000(IH0000
0D0000o

2l = — | nexp(V=1 k-y)dy (k#0) (20
Bl = g | n@en(VT k-y)dy (e=0) @0

00000000e«000000D000DO0ODOOO
D00000000(190000000 Fourier 00 O
OD000QROUODDODOOONODOOOONONoOQ
0000 Fowrier 0000000000000 DO000O0O
D00000y, 000000 1) 00000000
000030000000 3000 FFTOO2) 00
OU00O0k=000000000000000000
O0000k-k000000(20)I3) 03000 FFT
O000uwO0300000000M0309)00Do000
OOOFFTOO0O0O0O0O0O0DDODOODOOOOOO
0000000000000 0000000000
003Yna 0000 2x(3x(5/2)nelog; Yne) + 3ne =
(15log; Yna+3)ng 00 0000000000000
OSpMVOODOOO log,ing0 0000000000
0D00000000000000000000000
100 0000FFT 000000000000 OD0O0



ooooooboDoDOD FFTOOO 1300000000
gooooboboobbbobooooooooooooo
goooobobobbbbbooooooooooobooob
goooooboobobbobboooooooooooboooD
0000000000000000000 Y0000
goooobobobbbbbooooooooooobooob
oooooooobbbobooo

3.0000
0000000000000 0O00O0O00D000O0
00000000000 00D000000 30000
000000000000000000000000
0000000000000 ooo?0o0o0000n
00000000000 D00O0O0
31 0000000000000 O0000O000
(1) DOOOODDOOOODDOOoOOO
00000 5%0000000000000000
0000000003.17gem’D 0000 0 3340cm*/g0
O0D0D00Owe=30,4560%00000000000
00000000000 0000000000000
O00O0O0Onsies 00000000 0oooooao
000000000 00000000O0OO0O0D0O0O0O
000000000000 00 30mm0 0 60mmO
000000000 00Tablel DO00DO 2800 100
0000000000 weODODODODODDODODOOD
00000000000 0000000000000
000000000000000000000000
00 — 0000000 — 00000000000
00000000000 0000000000000
00000000000000000
(2)20000000030000000000000
30000000000000000000000
000000000000000000000000
000000000 00000000O00O0D000O0
0000 Smm 00000000000 DO0OO0OOOD
0000000000000000000000 20
00000 4000000000000000000
O0O0CSs-HOOODOOODOODODODOODOODOOD
0000000 15%kvO0000000000000
I7mmO000000000D0000O0OO 500000
000000000 200 150pm 00000000640
x 4300001 0000000 032um0000000D0
0000000000 000000O0O00D0O00O0
00000000000 0000000000000
OO0C-Ss-HOOOOOOOO "000ooogo200
000000000 00000000O0O0O0D000O

IGL)NIE+p,j+q)
M-p)(N—-q)

M
Ry(p.4) = sz @

i=1 j=1

oooooood0@eOOoOUOOoOoOoOoMONODOO
ooooooooooooooig)HoooaHooo

Table 1 Compressive strength of hardened cement
paste specimens] MPall
w/c e 28 days 10 months
30% 80.2 93.7
45% 47.7 50.0
60% 29.2 37.1
w/c (S 28 days 10 months

30%

45%

60%

Un-hydrated cement particles B Calcium hydrate
M Cc-s-H M Pore
Fig.1 Microscopic geometrical models generated by
statistical method
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Fig. 2 Volume ratio of microscopic geometrical model

Table 2 Experimental Young moduli of C-S-H
(median) (GPa)

w/c e 28 days 10 months
30% 28.9 354
45% 19.4 26.1
60% 12.6 15.4
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