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Lifespan simulation for materials and structures

Environmental Actions
Drying-wetting. Wind. Sunlight.
lons/salts etc.
Output: Hydration degree, Microstructure,

/ Lot /ézf N Distributions of Moisture /Salt /Oxygen /CO2,
- . pH in pore water, corrosion rate etc.

Scale Thermo-hygro system
106-10°[m] State laws

Mass/energy balance

L Time
-1 0 1 2 3 4
10 10 10 107 100 10 (Days) ynified
/ evaluation

Hydration Heat. Initial Corrosion, Carbonation,

starts defects Leaching..

i H Earthquake
Wave
Scale Output: Stress, Strain, Accelerations, Degree of
10°-103[m]

damage, Plasticity, Crack density etc.

Mechanical Actions

Ground acceleration
Gravity

Temperature and shrinkage effects

Continuum Mechanics
Deformational compatibility
Momentum conservation

Macroscopic cracking



Our concern and target

Not only.... But also....
Small specimen Large-scale structure
(laboratory scale, homogenous) (MQ differ with space)
Standard curing Various curing conditions
Saturated porous media Unsaturated porous media
Constant env. condition Variable env. condition

(temp., RH, CI, CO2...)

for engineering and practical use

Based on multi-scale modeling and coupled analytical system




DuCOM Coupled Computational Scheme

-Thermo-hygro physics for materials-

Basic 88(6.) .
START Equation T"' dIVJi(ei’vei)_Qi (Gi): 0
Size, shape, mix Potential term  Flux term Sink term
proportions, initial and 0.; Degree of freedom
boundary conditions Temperature, Pore pressure, Chlorides, CO,, and O,

Early age development process

: : Chloride
Hydration Microstructure Pore pressure
computation tafi (ati transport and

4
c
o IS Temperature, . : Pore pressure, _
= | hydration level Bi-modal porosity RH and Concentrations
e | O of each distribution, st . of free & bound
O - i i . - - i
o I < component interlayer porosity distribution chlorides
) | @
Z
g no j
c o .
GE) 20 equilibrium model and equilibrium
— o
o >.9
S| o® Corrosion rate Gas and . Gas and
n : Concentration of :
S @ Al e 0k dissolved O2 each ionic species dissolved CO2
yes| o 2 consumption concentrations oH in pore water concentration

Each term has been formulated based on thermodynamics
, chemical equilibrium and electrochemistry



Coupled Simulation for Early Age Development Process

Our concern is... not to predict hydration process under ideal conditions
but to predict early age development process
under various temperature, wetting & drying conditions

For that purpose, non-linear interactive phenomena should be taken into account

Coupling processes among hydration, moisture
transport, and micro-pore structure development

Hydration process

Heat generation

7 —> Acceleration of reaction
(Coupled with thermal conduction analysis)

C-S-H gel - \ Free water
\ for hydration

precipitation
Water

consumption Moisture equilibrium

. and transport
Micro-pore struc.
d | t > 4 Governed by

eveliopmen . . — mass balance law
Vapor diffusivity for moisture
Liquid permeability
Condensed water
Adsorbed water on pore wall
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Multi-component cement hydration model
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Outline of the pore structure development computation

Two important m Path for Mass transport (gas, liquid, ion)
functions > m Moisture reservoir (as solvent, reaction field, etc)

The particle growth /" Total surface area (/m3) )
é " Volume and weight of Capillaries, gel, and interlayer
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Mass balance equation for vapor and liquid

Flux term Sink term

W Thresholdradivs ~ MOISture conductivity || Moisture loss due to hydration
d(Logr « Liquid + vapor * Obtained directly from hydration
e model. Based on reaction pattern
o Ll ) Computed_from pore of each clinker componelznt i
5 5 porﬁus structure directly Cement composition dependent
& ol Inflection el A *
pom't_, Random pore model 7
Logr \ /
Governing 5(p|<|>3) - { ( )}
e — —diviJ(R,VP, VT —Qpya =0
il e Equilibrium of gas and liquid bore distribution dv/d |
f T~ o Potential term Kelvin's equation (Under isothermal) ore distribution /nr ‘
> . Laplace’s equation C /@
\ Particle Clausius-Clapeyron equaition I >

\\growth

i » Adsorbed phase on pore wall Trapped water due to
B.E.T Theory mkbot\tlefffect
Adsorbed phase
* Ink bottle effect / on pore wall

Pore-structure

tatistical approach based on
development model = _ e
X geometric characteristics of pores ‘ ¥

Pore distribution, surface area Equilibrium  Log (r)
mterface




Modeling of Moisture Equilibrium and Micro-pore Structure

Moisture equilibrium model

Local moisture transfer
between agg. and HCP
Connection of ITZ

Condensed & adsorbed
water

uKelvin's eq. (Isothermal)

= Clausius-Clapeyron eq.
(for arbitrary temp.)

s |nkbottle effect (Hysteresis)

#B.E.T. Theory

Interlayer water

s Simplified empirical formula
base on past researches

Saturation
e [ Computation "‘7
osll * Experiment A
WIC=25% £ * | _o&
0.6 Vd
// / *

0.4 /’////'

. — =

) o W/GC=55%

% Under 20°C /Q=55%
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Relative humidity

Calculated
pore structure

Hydration degree of matrix

Pore structure development model

E The particle growth volume and weight
of inter and outer products
B Bulk porosity of capillaries, gel and
interlayer
B Total surface area of capillaries, gel and
interlayer
._dr Outer products

(. density at r

P =p.(6,) @

Representative

o 'l: S|
5 Mean

particle )
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CSH grain

Pore volume dV/Log(r)
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Moisture Conductivity of Concrete

dV/dlogr
Gl T 9

micro-pores / log r

Model Vapor ~ op, D,
assumptions Transport Ky = 25 [(1_8) K(h)][Mh/P|RT]

. Knudsen diffusion factor
= Random spatial pore

distribution ,
m Cylindrical shape of Liquid ) (I)ZpI I_rj ny —l
m Thermodynamic g 20n Lo

equilibrium of phases History dependent liquid viscosity

Total Conductivity K = Liquid Conductivity K, + Vapor Conductivity K,




Influence of Casting Temperature

Comparison of predicted and measured temperature rise for
different casting temperatures and various cement types.

Temperature rise [ C] Temperature rise [°C ]
70 : : 50
60 s Lo
40 [ g e
50 ,
40 30 TR T
30 20f L
20 !
1ol A WI/C : 0.58
10 | cement : 240 kg/m?3
fly ash : 80 kg/m3
0] L 0 i
0 1 2 3 0 1 2 3

Log (Time [hrs]) Log (Time [hrs])



Prediction of moisture loss behavior for early age under severe conditions

EXPERIMENTAL PROCEDURE :

Curing period Desiccator drying
I |
| specimens | ﬁ
Casting I I T+
of — | I
mortar | |
Sealed curing
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T =0day
FEM ANALYSIS : BC = Boundary Condition
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Moisture loss behaviors under different temperature

Temperature-dependent moisture
isotherm model

+ Two phase equilbrium (Clausius-Clapeyron eq.)
+ Temp. dependency of surface tension

+ Time-dependency of inkbottle water

+ Temp-dependency of interlayer water

Weight loss [g/cm3]

0.20

0.15

0.10

0.05

0.00

+

| 4*4*16[cm] prism specimen
60%RH Drying

60°C

Temp. dependency of the
flux considered only

20°C

W/C=50%

L

20
Drying time [days]

30

40

Moisture flux under arbitrary pressure
& temperature gradient

+ Mass flux potential based on partial pressure of
vapor

+ Temp. dependency of vapor diffusivity

+ Temp. dependency of liquid viscosity

Weight loss [g/cm3]

0.20

0.15

0.10

0.05

0.00

4*4*16[cm] prism specimen

60%RH Drying WIC=25%

60°C

Drying time [days]



Verification of the influence of early age drying on microstructure development

Computed and measured moisture profiles
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in 0.4 RH S 5 — |
0.2 . . 2 - ) p—
W/C = 0.265 0
0 2 Distaﬁce from su6rface [cm]8 10
Measured pore distribution Computed pore distribution
012 b diameter of pore (M) I [0-1cm 0.12 '
R 0.10r'V' Cumulative pore volume (cc/g)._| oo §0.10
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8 0.08 2-3¢cm 9 0.08
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Durability Simulation Tool on Windows Environment
- DUCOM for Structural Design -

Definition of structural dimension

R 10 I 51 ﬁ:“ j} 5 Difinition of Structival Demens ion
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Definition of reinforcements

mThe system covers 1-D mass/energy transport
(heat generation/transport, moisture loss, chloride
penetration, carbonation, corrosion, etc.)

m1-D simulation can represent most deterioration
phenomenon

(full 3-D analysis is not always necessary for typical
durability assessments)

m1~2 hours computation for several decades~ a
hundred years (in case of cyclic drying-wetting)

http://www.comse.co.jp
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Performance evaluation of RC structures under environmental actions

-- Simulation of steel corrosion in RC guarder bridge exposed to marine environment --

Structural age until cracking due to corrosion [year] Target structure
60

W/C40% RC T shaped guarder bridge

>0 _ Environmental conditions
Marine environment
CO, concentration: 0.07%
<10 A O, concentration : 20%
' Concentration of CI: 0.51[mol/I]
20 Cyclic drying-wetting conditions
i A W/C60% 60%RH (10days) +— 99%RH (10days)

W/C50%
40 |

10

| L L CO
% 20 40 60 80 100 120 @) 2
w-TrTr

Cover depth [mm] -
~

i Salt f th
If cover depth is 60mm .. altirom the sea

W/C40%: After 52 years, repair needed. Boundary surface >
W/C50%: After 28 years, repair needed.

: ® | «-| o]e o o

W/C60%: After 15 years, repair needed. e o o o

Cover depth



DuCOM Coupled Computational Scheme

-Thermo-hygro physics for materials-

Basic 0S (9) .
START : B Nl V4 — —
Equation "‘d'VJi(ei’VGi) Q (ei)_ 0
Size, s?_ape, mn: | and Potential term Flux term Sink term
proportions, Initial an ]
boundary conditions 6;;Degree of freedom
1 Temperature, Pore pressure, Chlorides, CO,, and O,
: _ Chloride
Hydration Microstructure Pore pressure t t and
computation computation computation ransport an
3 equilibrium
c
© I o Temperature, . . Pore pressure, .
2 | ® hydration level Bi-modal porosity RH and concentrations
.g | & of each distribution, A o;lfre%& bound
o I < component interlayer porosity distribution chlorides
o) | ©
€ noy <
= o .
GE) Rl e CO'TOSiON Model O,transport and Sl lon equilibrium Sl CO,transport j
2o equilibrium model and equilibrium
Pl =
ol >.9 _
=| o Corrosion rate Gas and Concentration of Gas and
QD amount of 02 dissolved 02 o - dissolved CO2
S o i : each ionic species _
yes| o % consumption concentrations oH in pore water concentration

Each term has been formulated based on thermodynamics
, chemical equilibrium and electrochemistry



Mass balance condition for free chlorides

ﬁotential Porosity and saturatioh /Sink term \

term directly obtained by o _
thermo-hygro physics Rate of binding of free chloride to bound
PRI YIS chloride per unit volume
Vapor |
Chloride equilibrium model
| (Model describing the relationship
Liquid AU EEILE between free and bound chloride)
\(path for transport, ionic capacity) f

\

g (<|)SCC,)+ divlg — Qg =0

Governing equation

ot
/ S / u; Velocity vector of pore water \
Flux term Jo = _(I)_S' Do VCq + 0SUCy, J P
Q —QObtained by liquid transport
model

Diffusion due to Convective term ___—
lonic concentration
\ difference J /




Modeling of Chloride transport

2. Chloride ion transport J = _(ﬁ.é‘. D. j.vc_ +¢-S-u-C
ion Q ion ion ion

lonic diffusion Advective transport
due to concentration gradients due to bulk movement

Reduction factor of ion diffusion due to property of pore structure

Tortuosity Q Constrictivity 6

)

‘ ® small §=1.0
2 large

N N

N)

‘ , VLY 6 large §<1.0

. 2 small

SAR




Effect of BFS Use on Chloride Binding Capacity

Bound Chloride [wt% of powder] Diffraction strength
sor—m——m—m/////—///————1 | Freedel'ssalt . '
BO(NC) '
V'S — [ e RAC) t---f-{-¥-F---------
4.0 [ Chloride equilibrium N/ / |\«
(Maruyaetal.exp) A/ W
3.0 ! .
* —~ R 11 12
o % % ' | " . s [degree]
20 ¢% 53 3 . ol
L] £ o 25- g === " "
- O w _ n method
o 28 2
1.0 [ ** 5 & 1.5+
. * o ; L
* m = 1 - 50
0.5 1
O'%.O 0 ' ' ' 30(NC)
0 0.5 1 15 2 2.5
Free Chloride (wWt% of powder) %
1.0E-9 1.0E-8 1.0E-7

Use of BFS leads to
+ Change of Pore Structure (Ads. Cl change)
+ AL, O, Increase (Bound CI change)

Pore radius [m]

—  How much ?



Chloride distribution under submerged condition

—W/C35% ~50% OPC mortar —

3%NacCl Total chloride . .
— . in each slice
(One-face open) Free chloride

T Cut
Chloride content [wt% of cement] Chloride content [wt% of cement]
4.0 4.0
W/C=35% WI/C35% W/C=40%
30| After 170days 3.0 | After 170days
2.0
1.0
2
0.0 @
2
4.0 S 4.0
W/C=45% W/C=50%
3.0 After 170days 3.0 After 182 days
2.0} ’ 2.0
W/C50%
1.0 f 1.0
0.0 0.0

® Exp. Total chloride === Analysis Total chloride
B Exp. Free chloride = Analysis Free chloride




Chloride content profile in concrete exposed to cyclic wetting and drying

Chloride content [wt% of cement]

5.0
s Markers : Test data (Maruya et al.)
40k Lines : Computation
After 28days
3.0f y

\ Total chloride

2.0
L Underestimation
1.0 _ i i
| Free chlondeDIffuslon only
0.0 : : — — =
0 0.01 0.02 0.03 0.04 0.05

Distance from the surface [m]

Chloride content [wt% of cement]
5.0

- After 98days _ _
a0t Diffusion only

" Total chloride
3.0[

*
1
1
1
1

Underestimation

20T

1.0\ " _
| Free chloride

N i

0 0.01 0.02 0.03 0.04 0.05
Distance from the surface [m]

0.0

Chloride content [wt% of cement]

5.0
- After 28days
4.0F

Drying 7days

I Wetting 7days
3 0/~ Total chloride

Diffusion +
Advective transport

20}

1.0 .
| Free chloride

0.0 : ' = T P
0 0.01 0.02 0.03 0.04 0.05
Distance from the surface [m]
5.0
| After 98days
40T

" Total chloride
3.0

Diffusion +

2.0 Advective transport
- . -
1.0 -----3 Free chloride
0.0 SUE— ' =
0 0.01 0.02 0.03 0.04 0.0¢



Conventional approach to carbonation phenomena & Features of this research

2 X ; Carbonation depth
oC . 9%C bk : endeRlm
— Y/~ - XC =bt b; Carbonation rate coefficient
ot OX
_ o _ _ L, Water to cement ratio, strength,
Linear diffusion equation Square root t equation environmental conditions. ..
Features of this research CO,(g)
. . . . .y . Total
mStrict consideration of ions equilibrium H.O Concentration
: : . L CO,aaq)
*Dissolution of carbon dioxide \ | ° . Equilibrium” >
Dissolution and re-dissolution of H,CO, ?glce”tfaﬂon ™~ HCO A
precipitations depending on pH 0 >
. o . Concentration - ot
sDissociation of reactive mass CaCOs@q) . g, Equilibriun
«Common ion effect
CaCOO " caom),e CaCOE caoH),e
lI\/IOdellng of carbon dioxide RIS Before ion dissociation After ion dissociation

*Hindered diffusion in both the dissolved
and gaseous phases.

pH profile in pore water can be
obtained for arbitrary conditions

*Nonlinear diffusion process depending on
pore structures and moisture profile



Mass balance condition for gas and dissolved carbon dioxide

ﬁ:’otential term @ink term
Gas «<— Dissolved CO,

Based on Henry’s law

Pore volume

Porosity and Saturation Liquid Vapor *Modeling of carbonation reaction

directly obtained by *Modeling of ion equilibriums
thermo-hygro physics

\ \ 0 Pore radius

a -
S {0lL=8)-pyco, + S -Paco, I3+ divdco, ~Qco, =0

/Flux term ’

Gas Dissolved
Jeo, = _(DgCOZVpg + DdCOZVpd)

/ . *Knudsen diffusion factor

¢S _ 4 °Effect of tortuosity and
— Dy connectivity of pores

Consumption rate of CO,
due to carbonation

Porosity and Saturation Q



Modeling of carbonation reaction Modeling of ions equilibrium

Carbonation reaction H,O0< H" +0H"

+ - + 2—
Ca? + COg' N CaC03 H,CO, &> H" +HCO; <> 2H" + CO;

Ca(OH), <> Ca*" + 20H"
Reaction of silicic acid calcium

2 2-
hydroxide (C-S-H) is not considered CaCO; «»>Ca™ +CO;

—» Its solubility is quite law compared lon dissociation, Solubility of precipitations
with calcium hydroxide —— Depending on pH in pore solutions

eLaw of mass action
Mass conservation law

Rate of carbonation reaction *Proton balance

mEach acid-base reaction
a(CCaCO ) mSolubility of each product
Qco. = 32 =k[Ca**][CO5] mCommon ion effect
Co, o 3 '

/ Concentration of proton

Reaction velocity coefficient v
Concentration of each ion
at arbitrary stage



Simulation of carbonation progress |

- Verification with accelerated carbonation tests-

Input Output
Mix proportion (W/C) > Profile of Pore structure > pH value in pore water
Relative humldlty - Moisture distribution =/ Reacted Ca(OH),
CO, Concentration Amount of Ca(OH),
Depth of carbonation [mm] Depth of carbonation [mm]
30 20 ; .
| [Computation | Experiment RH=80% Computation | Experiment W/C65%
251 [ Markers Lines A0 Markers Lines
| *
20 |
15 | W/C65% -~
, W/C55%
*
10 | .
| 2
sl . . RH=50%
o - C0O,=10%
-f—‘——\——t—_—x . ] n ] n W/CSS% O ‘ ‘ ‘ ‘ ‘ i 0
% 10 20 30 40 50 60 0 10 20 30 40 50 60

Time [days] Time [days]



Simulation of carbonation progress |l

- pH fluctuation for different W/C cases under normal environmental condition-

Depth of carbonation [mm] pH Ca(OH), [kg/m?]
80 14 100
. , P
CO,007% _ W/C75% co, —»
(Concentration in the air) 13|
. i — | 80
| RH:60% = o
60 12
W/C55% 11| PH —» 10
40 | | — W/C55% |
101 140
|::> | — WIC25%
ol _
20 i N Ca(OH), 120
8 , After 42.5 years
0 ‘ ‘ | | ‘ 7 | ’ | ! : ! : O
0 10 20 30 40 s O 20 40 60 80 100

Time [years]

Distance from surface [mm]



Macrostructure Microstructure Correlation

Reinforced Concrete Structure
, | Real
environment | aggregate
effects &=, LA 7
L b g | R - cement paste
external &, teast i
multi system
loads S
(Detail A) O
reinforcem
aggregate
— CM_, O D
structural be_havi_or baseo! on micro- Idealized
physical information State
(Detail B)
aggregate
Rheological CH ; Lo
;?r?dgr:r; ] '%§ grams mechanical Solidified Cement
| .2V beug) g 2| stress carried Paste Layers
‘ ' by the Ty solidified layer ocement paste
. 7, skeleton Of\ '+, of cement paste .\
f Py Jlcementpaste s NF o NN T
£ +
: pore water C
pressure
Idealiz calculated by
thermo-hygro-
A physics . i
Microstructure (Detail C) - : .
Multi-scale analysis platform:

DuCOM+COM3



Growing :
4— [

Solidification Model of Hardening Concrete Composite
Proposed by Maekawa, Rasha, Zhu, and Ishida

New solidified layer
Old solidified layer

Total stress

!

Rheological model
for arbitrary layer

7

r = :_I/
F ool

?'%?JL::,

far

IJ,:I I| IJ|:I || IJ|:I: || IJI:I Number of layers

I increases as
I hydration proceeds

| ] --he

T Capillary + External forces

Elastic
Straln

Visco-
Elastic «—»
Strain

Visco-
Plastic «+—>
Strain

Plastic
Strain

Interlayer

C-S-H gel grain

Capillary
water "

water

Mechanical properties directly linked with
thermodynamic status



Constitutive Model of Concrete — Modeling of shrinkage stress, 1

o, .o

Inherent driving forces in terms of RH

s(&g n*ga(l%g stres§ (Mpa)

Theory of capillary tension

1
7 e
I Pg

rs

P

_

# Kelvin & Laplace equations
& Content of condensed water

abﬁorbe\
water D .’
20 [\'. art of L2 S
* . Condenseds—, . - 2= " "
7/ T - -water T\ -
-40 l' ‘o‘ |
i ’," !
60 |/ " Total |
’ shrinkage |
’ stress
-80 l
W/C=35%
- - = - W/C=55%
-100
0.05 0.25 0.45 0.65 0.85

RH

Theory of surface energy

Molecule
of water

u Thickness of absorbed water by B.E.T theory
m Surface area of gel




Verification (Drying shrinkage)

Total Strain (micro) Total Strain (micro)
1200 ‘ 800 -
e  Expt 45%RH 1 . Explt 1-day
Analysis 45%RH | Analysis 1-day .
10004 ™ Expt66%RH | 700 4 A Expt2days |- e ]
Analysis 66%RH | . Analysis 2-day R
. . . 600 - 2 m "
: | L] A
8004 -------—-—-—- - & e e ___
| | 500 - [ A
. = = " -
600 - ¢ = ; 404 --m A
n [ | A
: | | 300 4
400 - ‘ l ) . ) ,
| . | Specimen size =4*4*16 cm Specimen size = 4*4*16 cm
! !'| Medium Heat Cement 200 -4 Rich Blite Cement
20048/ L 1| WIC =28% & Vagg = 50% WIC = 30% & Vagg = 50%
| I | RH =66,45% After 2 days 100 4 subjected to RH = 70% after
| i | sealed curing 1,2 days sealed
| |
0 L} L] ) 0 L] L] )
0 10 20 30 40 0 10 20 30 40
Drying Time (days) DryingTime (days)
Total Strain (micro) Shrinkage strain (micro)
1200 800
e expt70%RH Hisdorf et al. 1980 1 1 1
Anatlygs olf/ EO;'%RH 200  O/linder 20480 cm i i l
1000 | exp orRH | ____ ____ ______________
— Analysis 50%RH . WC0.55 Vag=0.69 l
m_= 600 { RH=65% at 1,3,28 days ‘ ‘
8004 S T=20°C : : a
500 4 o I |
| |
| |
600 4 ™ 400 - l l l
< | | |
| | |
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Verification (Creep)

Specific creep (micro/(1kgf/cm2))

e Analysié(o_szday) Westman et.al 2000
O Expt.(0.83day) Cylinder 10*20cm
10 Analysis(lday) |- _______| W/C=0.34 Vag=0.63
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Durability problem (Calcium leaching)
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Modeling of micro-pore structure for cemented soill

Extend to cemented soll - ™
DuCOM

Mix proportions (in volume) _
Thermodynamic system

Air iy
Cement| Cement ) 7K :
Water | Paste %(ﬁ

\_ /
Soil particle Large airspace
(Aggregate) (micro ~ m‘m scale)

0.2

Un-cemented Cemented
Sall Sall

| Cement paste matrix
0.18  (nano ~ micro scale)

Concrete

0.107 -

Pore distribution

0.09

Independent airspace °%e.11  10e:9 1087  10E5  1.0E-3
Connected airspace Pore radius(m)
between sand particles Pore distribution



Mass balance condition for calcium ion in cementitious materials

/ . . lid A _
[ Basic Equation —(¢ S- Clon) SO' dIV‘Jion =0 \
I for total calcium l
L|qU|d-phase Solld-phase Transport
i |
| 1. Caliquid/solid equilibrium 2. Ca?*ion transport :
l _ B L 4.5.u.C
I CSolid _ f(Cion) ‘]'0” ( [9) 0 D j VC|on'|'¢ S-u C|on |
: S R !
| g i £ EHOUH I
S 0.11
£ 5 |
: & C-S-H 5 :
\ © - 0.014 | '
\ Ca2* concentration in liquid 1810 168 o ES Of‘poéﬂ 1E2(m) . /
\ I N S S S S S S S S S S S B S S S B B B S S S -

solubility productT T Saturated concentration

Transport] J Increase of pore

| | route space (CH&CSH)
Chloride model “ Hydration model | < > | Pore structure model
Moisture model
Free chloride ion Temperature, Hydration
degree, Amount of Pore distribution,

Ca(OH)2 and C-S-H moisture distribution



Modeling of Calcium liquid-solid equilibrium

1. Caliquid/solid equilibrium CSoIid = f (Cion)

total :C \\ 1
N Dissolution of Ca(OH),

Lo~ Buil (1992)
.~ Proposed model"

Il
h :',I\
_/‘

~
a

o

ion
\

Ca ibn concentration R
(mmol/L of water) Dissolution of calcium
\ from C-S-H gel
3.
Decomposition of C-S-H
gel into silica gel

X X N
0 1 \ 2 Csatu\

\

Solid Ca concentration
(mmol/m3 of total)



Equilibrium model of calcium

1. Caliquid/solid equilibrium  Cg..; = f(C

ior)_[ Total Ca (constant) ]

15 18 22 Mix proportion
o 1.0 ——————————— 1 |
+—) _ o / :
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Modeling of Calcium transport

2. Ca?* ion transport J = _(ﬁ.g. D. j.vc_ +¢-S-u-C
on Q ion on ion

lonic diffusion Advective transport
due to concentration gradients due to bulk movement

Reduction factor of ion diffusion due to property of pore structure

Tortuosity Q Constrictivity 6

)

‘ ® small §=1.0
2 large

N N

N)

‘ , VLY 6 large §<1.0

. 2 small
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2. Ca?*ion transport

Tortuosity Q

‘Jion :_(%5 Dionj'vcion +¢°S°U'Cion

lonic diffusion Advective transport
due to concentration gradients due to bulk movement

Tortuosity of cement paste Tortuosity of soil
o 40 R o 40
3.51 3.5
3.0 3.0
2.5 2.5
2.0 2.0
1.5 1.5
o+ 0
00 01 02_ 03 04 05 00 01 02 .03 04 05
[m®/m® of cement] [m*/m® of total]
Effective porosity rate Porosity rate of void

Tortuosity is defined as a function of porosity.



Modeling of transport of calcium ion

2. Ca?* ion transport J. (¢ S .6-D,, j.vc_ +¢-S-u-C
on Q on ion

lonic diffusion Advective transport
due to concentration gradients due to bulk movement

1:
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, ;*; 2RO I
5 o1
5
0.014
] |
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Peak radius of pore

AV MEIEER
Strong interaction between

ion and wall of micro-pore
Constrictivity is defined 0.04-
as a function of pore size. 002
0.00-

1E-10 1E-8 1E-6 1E-4 1E-2 [m]
Pore size



1. Leaching from concrete to soll foundation

Calculation A: Without soil

Field survey

Boundary condition
Ca2+:1.3mmol/l Concrete

Calculation B: With soil

< 5m = ..............
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Calculation A: Without s

Boundary condition
Ca2+:1.3mmol/l

Calculation B: With soil

oil

c
o |
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Boundary condition
Caz*:2mmol/l

i

Concrete
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3. Influence of W/C on calcium leaching

Boundary condition

Caz*:2mmol/l

i

Concrete
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Black line: Consider additional hydration due to leaching 0.2
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4. Self-curing function of low W/C concrete for leaching

1.0 :
Low W/C o= 1
( 28)
0.6 N\L-"""""°°
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Concluding Remarks

® A numerical simulation system that can assess structural behaviors under
coupled environmental actions was proposed in this paper.

® In the system, generation and transfer of heat, moisture, gas and ions in
micro-pore structures were formulated based on thermodynamics and
electrochemistry.

® Coupling these materials modeling, an early age development process and
deterioration phenomenon during the service period can be evaluated for
arbitrary materials, curing and environmental conditions in a unified manner.

® Numerical verifications show that this method can roughly predict ingress
of ion, carbonation and corrosion phenomena for different materials, curing
and environmental conditions.
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