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Scale
100-103[m]

Macroscopic cracking

Stress, Strain, Accelerations, Degree of 
damage, Plasticity, Crack density etc.

Continuum Mechanics
Deformational compatibility
Momentum conservation

Output:

Mechanical Actions
Ground acceleration
Gravity
Temperature and shrinkage effects

Scale
10-6-10-9[m]

Thermo-hygro system
State laws
Mass/energy balance

Environmental Actions
Drying-wetting. Wind. Sunlight. 

ions/salts etc.
Output: Hydration degree, Microstructure, 

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

Lifespan simulation for materials and structures

10-1 100 104103102101

Hydration
starts

Heat. Initial 
defects

Time 
(Days)

Corrosion, Carbonation, 
Leaching..

Earthquake
Wave

Unified 
evaluation

DuCOM Coupled Computational Scheme
-Thermo-hygro physics for materials-

Size, shape, mix 
proportions, initial and 
boundary conditions

C
on

se
rv

at
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n 
la

w
s 

sa
tis

fie
d 

?

Hydration 
computation

Temperature, 
hydration level 
of each 
component

Microstructure 
computation

Bi-modal porosity 
distribution, 
interlayer porosity

Pore pressure 
computation

Pore pressure, 
RH and 
moisture 
distribution

N
ex

t I
te

ra
tio

n

START

yes

no

Basic 
Equation

Chloride 
transport and 
equilibrium

Concentrations 
of free & bound 
chlorides

CO2 transport 
and equilibrium

Gas and 
dissolved CO2 
concentration

In
cr

em
en

t t
im

e,
 c

on
tin

ue

O2 transport and 
equilibrium

Gas and 
dissolved O2 
concentrations

Corrosion model

Corrosion rate 
amount of O2 
consumption

Ion equilibrium 
model

Concentration of 
each ionic species
pH in pore water

( ) ( ) ( ) 0, =θ−θ∇θ+
∂

θ∂
iiiii

i Qdiv
t

S J
Potential term Flux term Sink term

θi；Degree of freedom
Temperature, Pore pressure, Chlorides, CO2, and O2

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

Coupled Simulation for Early Age Development Process

Hydration process

Moisture equilibrium  
and transportMicro-pore struc. 

development

Free water 
for hydration

Water 
consumption

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

C-S-H gel 
precipitation

Heat generation
Acceleration of reaction

(Coupled with thermal conduction analysis)

Governed by 
mass balance law 
for moisture

Condensed water 
Adsorbed water on pore wall

Vapor diffusivity
Liquid permeability

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
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Multi-component cement hydration model

H
C S2

C A3

C S3

C AF
4

Mono

C A3 + Gypsum

ETTRINGITE MONO-SULPHATE

Each component hydration
progress dependent on

Hydration heat rate of each component at Ti OH

MonoSul
phate
C3S

C2S

C4AF

C3A

Typical component
composition of cement

T TR
H H

E
i i T

i

O
O

= −
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Temperature 
Moisture content
Degree of hydration 

Gel particle

Unhydrated
Cement

Inner hydrate Outer hydrate

Interlayer
（2.8Å thick）

Gel pore II
Pore among gel grainGel pore I

Pore inside gel grain
Capillary pore
Free space for hydrate

1.6 30
0.6 1.6

Pore size distribution (radius)
｜ ｜ ｜ ｜ ｜ ｜

1nm     10    100    1µm    10       100
Gel pore

Capillary pore

Gel pore
Capillary pore

Past research

Definition
In the model

=
Porosity rate of gel grain φch

Interlayer＋gel porosity
Volume of gel product

＝0.28 (Powers)
Minimum porosity

Classification and Definition of Pore Structure

l

s/2

ro

l

Representative Unit Cell

powder particle

δ

δmax

Real State
(dispersed)

Idealized State
(ordered)

particle 
growth

reactant particle

(avg. interparticle distance)

Volume 
available for 

particle growth

l
Particles

Fluid

equivalent spherical 
cell radius req

Initial State of Powder Particles
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po
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x
0.0

1.0

After few hours

po
r o
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ty

x
0.0

1.0

Mature

po
r o

s i
ty

x
0.0

1.0

Low hydration
outer product

inner product

unhydrated 
core

Original particle 
boundary

φin

φou
φouφin

Bulk porosity function of outer product and cluster expansion

dr

r

ro δm

δmax

( )ρ ρ φr r r= ζ

Representative
CSH grain 

Outer products
density at r

particle radius Mean separation

1 2 3 4
1:   Unhydrated core
2:   Inner products
3:   CSH grains
4:   Free pore space

Capillary Surface Area =
Total external CSH grains SA

Gel Surface Area =
Total internal CSH grains SA

S dS

r
dr

c c
r

r

r

in

o

o m

=

=
−
−

⎛

⎝
⎜

⎞

⎠
⎟

+

∫

∫

δ

π
ζ

φ
φ

4 1
1

2

S Weight of CSH
sp SA of CSH

g = ×

.

A reactant particle at arbitrary stage of hydration

Po
re

 
vo

lu
m

e 
 ( φ

)

Log (r)

( )( )φ φ( ) expr B ri i= − −∑ 1

φ i : porosity known
Bi : Pore structure parameter,

  to be obtained

S d r= ∫2 φ

Fundamental surface area, 
porosity relationship

5 6 7 8 9 10
4

5

6

7

8

9
dV/d ln r

ln r

1/B

Br Brexp( )−

log (S/φ [1/m])

lo
g 

(B
 [1

/m
])

Relationship of pore structure parameter B and S/φ
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 The particle growth
 Volume and weight of

 inner products
 outer products

 Bulk porosity of
 capillaries
 gel and interlayer

 Total surface area (/m )
 capillary pores
 gel (CSH internal)

3

 B  parameters

( )( )φ φ( ) expr B ri i= − −∑ 1

Matrix micro pore 
structure

H
yd

ra
tio

n 
D

eg
re

e 
of

 M
at

rix

Cluster Expansion Model

Volumetric Balance

Schematic representation of the pore structure development computation

Water
Molecules

Adsorbed
molecules

Concrete

Aggregate, 
paste matrix, 
ITZ

Capillary pores, 
C-S-H Hydrates

Gel pores, 
water molecule,
C-S-H layer

cm

mm

µm

nm

C-S-H gel grain

Agg.

ITZ

1.0E-10 1.0E-8 1.0E-6

0.02

0.06

0.10

0.14

Pore radius Log(r)

Pore volume dV/Log(r)

W/C=25%

W/C=55%

0 0.2 0.4 0.6 0.8 1.0

0.2

0.4

0.6

0.8

1.0 Computation
Experiment

Relative humidity

Saturation

20ºC

Micro-pore 
structure 
model

Local moisture transfer 
between agg. and HCP
Connection of ITZ

Condensed & 
adsorbed water

Kelvin’s eq. (Isothermal)
Clausius-Clapeyron eq.
(for arbitrary temp.)
Inkbottle effect (Temp. 

dependent Hysteresis model)
B.E.T. Theory for adsorbed 

water

Simplified empirical formula 
base on experiment

Interlayer water

Multi-scale modeling of moisture state in cementitious materials

rc

S

Moisture Conductivity of Concrete

Total Conductivity K = Liquid Conductivity KL + Vapor Conductivity Kv

Random spatial pore 
distribution
Cylindrical shape of 
micro-pores
Thermodynamic 
equilibrium of phases

dV/d log r

log r
Vapor
Transport

Liquid 
Transport

( ) ( )[ ][ ]K
D

S K h Mh RTV
v o

l= −
φρ

ρ
2 5

1
.

K rdVL
l

rc

=
⎡

⎣
⎢

⎤

⎦
⎥∫φ ρ

η

2

0

2

50

Knudsen diffusion factor

History dependent liquid viscosity

Model 
assumptions

micro-pores

gel
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Mass balance equation for vapor and liquid

( ) ( ){ } 0,, =−∇∇−
∂

φρ∂
hydl

l QTPPdiv
t

S J

Pore distribution dV/d lnr

Log (r)

+

Trapped water due to 
inkbottle effect

Adsorbed phase 
on pore wall

Condensed 
water

Equilibrium 
interface

Particle 
growth

Pore-structure 
development model
Pore distribution, surface area

• Equilibrium of gas and liquid
Kelvin’s equation (Under isothermal)

• Adsorbed phase on pore wall
B.E.T Theory

• Ink bottle effect
Statistical approach based on 
geometric characteristics of pores

Governing 
equation

dV
d(Log r)

Po
re

 
vo

lu
m

e

Log r

Threshold radius

Inflection 
point

Distinct
porous
path

Sink term

Moisture loss due to hydration

Flux term

Moisture conductivity

• Liquid + vapor
• Computed from pore
structure directly

• Random pore model

• Obtained directly from hydration
model. Based on reaction pattern 

of each clinker component
• Cement composition dependent

Potential term
Laplace’s equation
Clausius-Clapeyron equaition

Influence of Casting Temperature

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

0 1 2 3
0
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50

Log (Time [hrs])

Temperature rise [˚°C ]
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0
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40
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Log (Time [hrs])

Temperature rise [˚C]

W/C : 0.4
OPC : 400 kg/m3

W/C : 0.58
cement : 240 kg/m3

fly ash : 80 kg/m3

20 °
C

30 °
C

10 °
C

20 °
C

30 °
C

10 °
C

MC mortar, effect of curing time

16 hrs cured
2 days cured

1 week cured

W/C : 0.32
Sand : 50%
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2 days curing

W/C : 0.32

W/C : 0.25

Computation
Markers : Experiment

Lines :

Sand : 
35%

Time 
(days)

0 5 10 15 20 25 30

MC mortar, effect of W/C ratioMC + lime mortar
W/P : 0.34 (Water to powder ratio)
MC/Lime : 1.53
Sand : 60%

Sealed curing
Weight measurements 

T = 0 day

Curing period Desiccator drying

specimens

EXPERIMENTAL PROCEDURE :

FEM ANALYSIS :
Input ;
Mix proportions

Sealed BC
Hydration dominant

BC : 0.001 RH
Moisture transport
dominant

Casting
of

mortar

BC = Boundary Condition

Prediction of moisture loss behavior for early age under severe conditions
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7days
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0 10 20 30 40
0.00

0.05

0.10

0.15

0.20
4*4*16[cm] prism specimen
60%RH Drying

Weight loss [g/cm3]

Drying time [days]

Moisture loss behaviors under different temperature

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20
Weight loss [g/cm3]

Drying time [days]

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

Time-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

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

Temp. dependency of the 
flux considered only

20ºC

60ºC

W/C=50%

W/C=25%

20ºC

60ºC
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D: diameter of pore (m) 
V: Cumulative pore volume (cc/g)
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Verification of the influence of early age drying on microstructure development
Computed and measured moisture profiles
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Drying period 
(days)

Expt. Analysis

Measured pore distribution Computed pore distribution

16 cm

Sealed

RH = 0.4
T = 20 C One day sealed 

cured;  8 days dried 
in 0.4 RH

W/C = 0.265

Gas
Liquid

Solid

+
rs

PG

PL

environment 
effects

aggregate

cement paste

Transition
zone

solidified layer
of cement paste

mechanical 
stress carried 
by the 
skeleton of 
cement paste

pore water 
pressure 
calculated by 
thermo-hygro-
physics

Idealized

CHS grains

Real 
aggregate-
cement paste 
multi system

Idealized 
State

Solidified Cement 
Paste Layers

Reinforced Concrete Structure 

Microstructure

external 
loads

Rheological 
model for a 
single layer

structural behavior based on micro-
physical information

aggregate
cement paste

reinforcement 

A

(Detail A)

(Detail B)

B

C

(Detail C)

Macrostructure Microstructure Correlation

Multi-scale analysis platform: 
DuCOM+COM3
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Growing
Transition 

zone

Old solidified layer
New solidified layer

Aggregate

Solidification Model of Hardening Concrete Composite

Total stress

Number of layers 
increases as 
hydration proceeds

Rheological model 
for arbitrary layer 

Ee

Ec

Cc

σcp

ksl
Cg

Elastic
Strain

Visco-
Elastic
Strain

Visco-
Plastic
Strain

eε

cε

gε

lε

Plastic
Strain

C-S-H gel grain

Capillary 
water

Gel
water

Interlayer
water

σcp

Mechanical properties directly linked with 
thermodynamic statusCapillary + External forces

Proposed by Maekawa, Rasha, Zhu, and Ishida

scsds σσσ +=

shrinkage stress (Mpa)

-100

-80

-60

-40

-20

0

0.05 0.25 0.45 0.65 0.85

RH

W/C=35%
W/C=55%

Part of 
absorbed 
water

Part of 
condensed 

water

Total 
shrinkage 
stress

Inherent driving forces in terms of RH 

Theory of surface energy
Molecule
of water

Gel 
grains

Desorption
of moisture

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

γ⋅= sdsd Sσ

gelsd ShfS )(=

hkhk
hkhf

12

2

1
1)(

+−
−

=

rs

PG

PL

Theory of capillary tension

Kelvin & Laplace equations
Content of condensed water

Psc ⋅= βσ

h
M
RTP lnρ

−=

gelcap

gelgelcapcap SS
φφ

φφ
β

+

⋅+⋅
=

Constitutive Model of Concrete －Modeling of shrinkage stress, 1

Verification (Drying shrinkage)
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Specimen size = 4*4*16 cm
Rich Blite Cement
W/C = 30% & Vagg = 50%
subjected to RH = 70% after
1,2 days sealed
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Expt 45%RH
Analysis 45%RH
Expt 66%RH
Analysis 66%RH

Total Strain (micro)

Specimen size = 4*4*16 cm
Medium Heat Cement
W/C = 28% & Vagg = 50%
RH = 66,45% After 2 days
sealed curing
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Hilsdorf et al. 1980
Cylinder 20*80 cm
W/C=0.55  Vag=0.69
RH=65% at 1,3,28 days
T=20℃
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Troxel et a l
Cylinder 10.2*35.6cm
W/C=59% & a/c=5.69
RH=50%,70% afer 28days
sealed curing

Total Strain (m icro)
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Westman et.al 2000
Cylinder 10*20cm
W/C=0.34  Vag=0.63
loaded at 0.83,1,7days
Sealed curing   T=20℃

Specific creep (micro/(1kgf/cm2))
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Kommendant et al. 1976
Cylinder 15.2*30.5cm
W/C=0.38 Vag= 0.69
loaded at 28,90,270 days
RH=100% T=23℃

Specific creep (micro/(1kgf/cm2))
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 Zhu
Cylinder 10*20cm
W/C=0.30  Cement paste
51kg/cm2 Loaded at 1 days
RH=70% after 1day sealed
curing
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Analysis(RH70%)
Expt.(RH70%)
Analysis(RH50%)
Expt.(RH50%)

Troxell et al. 1958
Cylinder 10.2*35.6cm
W/C=0.59 Vag=0.71
loaded at 28 days
RH=50,70,99% at 28 days
T=21℃

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

Verification (Creep)


