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ABSTRACT: Hydration is the major factor for the growth of the material properties. The time is not an exact
parameter to control the chemical and physical processes, but the degree of hydration. Therefore, it is neces-
sary that all material parameters and the development of microstructure should be formulated in terms of de-
gree of hydration. The purpose of the present study is to propose and to integrate numerous material laws,
e.g. a reasonable model for the degree of hydration and also the models for other important material properties
including thermal and moisture properties, in finite element program. The 3D finite element procedure is
formulated to evaluate degree of hydration, temperature and moisture distributions in hardening concrete. The
mathematical formulation of degree of hydration is based on the combination of three rate functions of reac-
tion. All moisture parameters were considered to be age-dependent. Prediction of a moisture sink due to the
hydration process, i.e. self-desiccation, is related to autogenous shrinkage, which may cause early-age crack-
ing in high strength and high performance concrete. The realistic models and the finite element program de-
scribed in this study are strongly necessary for a realistic thermal and shrinkage stress analyses of concrete
structures at early ages.

1 INTRODUCTION gases (Nilsson 1996). Bazant (1993) pointed out
) that for concrete structures exposed to the environ-
At early ages the main part of the development of  ment there is no hope of obtaining realistic stresses,

material properties takes place due to chemical re- and thus of predicting cracking, without solving the
actions of cementitious materials. The degree of re-  associated problems of moisture and heat transport.

action is affected by curing condition, e.g. tempera- Material properties, such as fixation and transport
ture and moisture conditions, as well as curing time.  of moisture are fairly well known for mature con-

Concerning early-age concrete, only the temperature crete, and material data and models for calculating
effect has been generally considered to control the  moisture conditions in hardening concrete, €.g. age-

reaction process as a curing condition. However,  dependent transport coefficient and sorption iso-

moisture condition in concrete plays an important  therm, have also been studied.

role in chemical reactions of cement (Powers 1947, Related to durability and serviceability of con-

Parrott 1986, Jonasson 1994, Norling Mjomell  crete structures, autogenous shrinkage due to self-

1994). desiccation is an important issue. In the prediction
For a precise definition of material properties in of the moisture conditions in concrete, the effect of

hardening concrete, chemical reaction and develop-  self-desiccation - it is a very important property of

ment of microstructure can be modeled by means of  high-strength concrete (HSC) and of high-
the degree of hydration. The degree of hydration  performance concrete (HPC) — will be considered in
may be obtained from the consequence of tempera-  this paper.
ture and moisture distributions. It is reasonable to A framework has been established for formula-
determine the material properties such as thermal,  tion of mathematical models for analysis with finite
moisture and mechanical properties under these  element method. During the analysis, the tempera-
conditions. ture development and moisture distribution are de-
Moisture plays a significant role for concrete, not  termined simultaneously by solving two nonlinear
only in the hydration process but also in physical diffusion equations as well as the field of degree of
and chemical processes in various deterioration phe-  hydration. After degree of hydration, temperature
nomena, such as frost damage, early shrinkage and  and moisture distributions are determined in this
shrinkage cracking as well as movement of ions and  study, the stresses induced by thermal and hygral

279



gradients are then determined using temperature and
moisture distributions.

12

MODELING THE DEGREE OF HYDRATION

[k

.1 Definition of degree of hydration

When cement becomes hydrated the water is chemi-
cally bound. Either the amount of chemically bound
water or the degree of heat liberation can be esti-
mated from various test data.

o= Q — w/u
max 0 max W,

M

where O = amount of heat liberated; and W, =
amount of nonevaporable water. The rate of reac-
tion of binders in a paste depends on the composi-
tion of the paste, in particular W /C and type and
fineness of cement, as well as on the temperature
and moisture conditions in the material.

2.2 Muthematicual model for the degree of reaction
of cement

The effect of temperature on the rate of reaction has
been extensively investigated during last five dec-
ades. When early age concrete is dealt with, only
temperature rate factor has been generally consid-
ered to control the reaction process. This approxi-
mate approach assumes that the maximum heat of
hydration is obtained from adiabatic tests at the
moment when all particles of cement have reacted.
Recently many researchers have considered the ef-
fect of water distribution on the rate of reaction in
terms of internal relative humidity. However, those
show considerable differences when compared to
each other. The water shortage and water distribu-
tion influence the degree of hydration. The rate fac-
tor for water shortage is associated with the effect of
W/ C ratio on the progress of hydration. The rate
factor for water distribution is associated with the
effect of free capillary water distribution in the pore
system.

2.2.1 Basic rate of reaction formulas for the degree
of hydration

The following expression has been used to describe

the degree of reaction of cement, a (Byfors 1980):

-,
tuq ))
{l
where /

= equivalent maturity age; and 4,1, x,
and A,./,. x, = fitting parameters.
The equivalent maturity time for cement ¢, in
Equation (2) is defined as

tuq = J‘Oﬂ'l' ﬂll’/(' ﬂw dt

o =exp| -4, (ln(l + 2)
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The rate factor §,, B, . and g, takes into ac-
count the curing temperature, water shortage and
water distribution, respectively. Reference condi-
tions for Equations (2) and (3) are hypothetical in
the sense assumed that curing condition is fully satu-
rated during the entire hydration process, and all
cement particles will react at a given W /C .

2.2.2 The Influence of temperature on the rate of
reaction

The Arrhenius-type rate equation is widely used in

describing the temperature effect on the maturity

growth of concrete:

Ef1 1
R\293 T+273

where E/R is activation temperature (K) and 20°C
is chosen as reference temperature. Jonasson (1994)

reports the temperature dependency of the activation
temperature:

(

The parameters 8, and x, are material constants,
which can be obtained from experimental adapta-
tions, typical values being 5400K and 0.54, respec-
tively (Byfors 1980, Jonasson 1994, Hedlund 1996).

By = exp( 4)

E
—E.: ref
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2.2.3 The Influence of water to cement ratio on the
rate of reaction

The theoretical minimum W /C required to bring
cement to its ultimate degree of reaction is about
0.40. As reaction of hydration proceeds, the pore
system lacks of water. Even though there is enough
water and space available, all cement will not react.
Before the ultimate degree of reaction is reached. the
rate of reaction will have substantially decreased.
The reason is that the dense cement gel formed
around the cement grains obstructs the transport of
water into the anhydrous cement grains.

The ultimate degree of reaction, «,,, . is deter-
mined by Mill’s formula and the rate factor, g, ..
can be expressed as:

Doy — & '
Biic :[ ]
where o, =O31WIC 6)
S 0.19%4+W/C

2.2.4 The Influence of water distributions on the
rate of reaction

During the hydration process the capillary pores be-

come gradually empty until a thermodynamic equi-

librium is reached. This state of equilibrium de-



pends on the relative humidity in the pore system,
the pore size distribution and the pore size.

The pore system consists’ of chemically bound wa-
ter. physically bound water and free capillary water.
In order to determine the free capiliary water, pore
size distribution is needed. In modeling the pore
size distribution, the HYMOSTRUC (Breugel
1991). a simplified approach based on Mercury in-
trusion, is used in this paper.

Physically absorption layer does not contribute to
progress of hydration and only free capillary water
is available for further hydration. The relationship
between the thickness of the adsorption layer and
the relative humidity in the pore system has been in-
vestigated by several researchers (Setzer 1976, Bad-
mann et al. 1981).

The rate factor S, for water distribution is de-
fined as:

A wal (a)
N 7
A, (@) @
where 4, and 4, are the total pore wall area and
the wall area of the pores which are completely
filled at a degree of hydration « , respectively.

2.3 Verification of model for degree of hydration

A general model for the reaction of cement has been
established. Figure 1 shows the predicted and meas-
ured degree of hydration as a function of W/C .
Test data is obtained from thermogravimetric analy-
sis of nonevaporable water (Atlassi 1995). The pre-
diction model is in good agreement with test results.
The reaction of cement is greatly affected by w/C.

3 MOISTURE DISTRIBUTION AND
DUFFUION PARAMETERS IN HARDENING
CONCRETE

Moisture diffusion is very important for the long-
term performance of cementitious materials. The
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Figure 1. Calculated and measured degree of hydration versus
time for ditferent W/C.

moisture diffusion can be described by diffusion
equations and solved by various numerical methods,
provided that the coefficients are known. The major
difficulty in establishing reliable diffusion parame-
ters is that diffusion of moisture inside cementitious
materials is basically controlled by the microstruc-
ture of the material, and especially by the pore size
distribution. The microstructure is changing with
age as well as with relative humidity in the pores.
However, only few models proposed in the literature
have taken enough parameters (Hedenblad 1993,
Norling Mjoérnell 1997) into consideration.

3.1 Governing equation of moisture diffusion

In this study, the state variable is used in terms of
pore relative humidity, ¢, because the use of ¢ ap-
pears to be more practical, e. g. it is convenient to
impose the initial and boundary conditions and rela-
tive humidity is mainly real value determined in ex-
periments.

op - 99,
61‘ (cp)w v (D¢V¢)+ 31‘ (8)
where (cp); =0¢ /0w, = reciprocal of moisture
capacity, i.e. slope of desorption isotherm (m’/kg);
D, = moisture transport coefficient when the corre-
sponding potential is the moisture content (kg/m-s);
and @, = humidity drop due to self-desiccation.

3.2 Moisture transport coefficient

The diffusion coefficient is strongly dependent on
the moisture content in the pore system. Bazant and
Najjar (1972) expressed the moisture transport coef-
ficient as a function of the relative humidity, ¢ .
Diffusion coefficient includes a constant moisture
capacity, it is inadequate in hardening concrete. In
the model proposed by Xi et al. (1994a, b), the coef-
ficients «, 8, and y are strongly affected by W /C
and the effect of curing time on the coefficients
could be considered negligible. It seems that the
proposed formulae for «, f, and y are limited to
high values of W /C because it is calibrated by test
data with W/ C above 0.5.

D, =a+f-(1-27"77") 9)

where D, = diffusivity; «, £,y = coefficients to be

calibrated from test data; and ¢ = relative humidity.
Hedenblad (1997) proposed the following ex-

pression for the moisture transport coefficient:

¢—0.6 ,
D(/) = Dwzoo% + (D{p:IOO% - D:,::eo%) ——O’Z“““ (10

where D, _s,, = moisture transport coefficient at
@=60%: D,_ . = moisture transport coefficient at



¢ =100%: and k= constant which mainly depends
on /(.

D =u+b-P

cap

(11a)

Pl

=c+d-P_°

cap

D (11b)

=100

Transport coefficient (Equation (10)) is adopted in
the finite element formulation and it is more advan-
tageous than others as the hardening concrete and
substantial self-desiccation of HSC and HPC are
dealt with in this study.

3.3 Mathematical modelling of desorption
isotherms

The best-known isotherm model is the famous BET
model (1938). derived from statistical thermody-
namics of adsorption. But contrary to early assump-
tions. the range of validity to the BET equation for
cement and concrete does not cover the practical
range of relative humidity. A number of attempts
have been made to modify the BET equation in or-
der to obtain better agreement with experimental
isotherm data in the multi-layer region.

Because the moisture capacity is defined as the
derivative of the desorption isotherm, a mathemati-
cal sorption isotherm is needed for numerical analy-
sis of moisture diffusion problems. A semi-
empirical formula for the age-dependent desorption
isotherm, based on gel and capillary isotherm, will
be used in this paper. The empirical expression for
desorption isotherm was originally formulated by
Hedberg and is modified to take into consideration
the effect of degree of reaction on the shape of the
isotherm.

W.p.a.) _ I/V.uul (p,a0) + I/VL'(IP (p.a0)
C C C
w

gel cap

C C
where y,,, and y,,, = gel and capillary filling fac-
tor, respectively (0<y Ve S1);

(12)
=V gl

v cap

3.4 Computational model of moisture capacity

Moisture capacity can be derived from the equilib-
rium sorption isotherm with respect to relative hu-
midity. ¢. In hardening concrete, the slope of the
sorption isotherm cannot be assumed to be constant
within the practical humidity range. This slope is
varying significantly in the entire humidity range.

3.5 Computational model for the prediction of self-
desiccation

The moisture sink term in Equation (8) means self-
desiccation due to hydration. Self-desiccation ap-
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pears in cement matrix with low water cement ratio,
W /C <0.5 (Neville 1995), since a major part of
mixing water is bound by the cement. The percen-
tual reduction in humidity is very small (from 100%
to 95%) for usual W /C. But the moisture condi-
tions of concrete with low W /C depend on self-
desiccation to a large extent; especially in HSC and
HPC, the humidity drop is greater and therefore the
transport coefficient is smaller than in ordinary con-
crete. The humidity drop in concrete due to hydra-
tion is calculated from the inverse of the theoretical
desorption isotherm (Norling Mjornell 1994).

4 FINITE ELEMENT PROCEDURE FOR
NONLINEAR DIFFUSION PROBLEMS

4.1 Structure of developed program

To solve the nonlinear transient thermal and hygral
problems realistic numerical method is needed. Fi-
nite element analysis procedures are used to solve
nonlinear diffusion equations for temperature and
humidity fields in this paper. The progress of hydra-
tion, i.e. maturity development, is mainly governed
by two diffusion processes. The analysis of tem-
perature and moisture distribution has been done'to
predict the field of degree of hydration (Cha 1999).
It is assumed that temperature and humidity fields
are fully uncoupled and only the degree of hydration
is coupled with two state variables. Figure 2 shows
the flow of calculation procedure for the fields of
temperature, moisture and degree of hydration.

4.2 Governing equation and boundary conditions of
the diffusion problem

The diffusion analysis is formulated for determina-

tion of the temperature distribution and moisture dif-

fusion. Heat balance is expressed with the transient
Fourier equation. for heat conduction with internal
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Figure 2. Determination of the fields of temperature, moisture
and degree of hydration.



sources (internal sink in the moisture field)

—kVT +yq (13)

oT
(‘ e T
p o
where p = density; ¢ = specific heat capacity; k =
constitutive matrix, a diagonal matrix containing
k.. k. and k.; V’=V.V; and ¢= internal rate of
energy production by hydration.

The boundary conditions may be described in
three different ways, i.e. essential, natural and con-
vective boundary.

T=T,on 4, (142)
g =h(T-T,)on 4, (14b)
¢ =q'n=f on 4, (14c)

where T,= prescribed temperature on boundary 4, ;
¢" = heat convection normal to the boundary 4,;
h, = convection coefficient, depends on the envi-
ronmental conditions and the surface texture of the
structure; 7, = environmental temperature; q’ = pre-
scribed heat flux on boundary 4,; ¢ = heat flux;
and #= a unit vector pointing out of the structural
body.

4.3

In this study, a three dimensional eight-node solid
element is adopted.  After spatial discretization,
then the resulting finite element equations are:

Finite element formulation

KT+CT=R (15)
K= [ B'kB dV+L h,N"N dA (16)
C= j N'cp NdV (17

R=—[ N' fdd+ [ N" AT, dd+ [N" qgav (18)

where K = conductivity matrix; C = capacity ma-
trix; R = load vector. This equilibrium equation is
ready for time approximation.

4.4 Time approximation scheme

The differential equation (15) should be integrated
with respect to time to obtain the transient response.
Diffusion problems with strong nonlinearities, such
as those with moisture diffusion, Arrhenius-type
heat sources require iterative techniques and New-
ton’s method, i.e. second-order iteration schemes
may be used. In this study, generalized Crank-
Nicolson method (Zienkiewicz & Taylor 1989) is
adapted for the solution of the temperature field as a
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function of time and this consists of the following
approximation:

[C(T*) + OAK(T)T,,,
=AfOR , +(1-OR,]+[C(T) - (1-OK(T)]T,
(19)

where At = time step; & = parameter that deter-
mines where in the time interval, ¢, to
t,g=t, +At ; when =05, it is trapezoidal
scheme and unconditionally stable.

4.5 Modelling of heat development and moisture
sink

4.5.1 Rate of heat evolution

Computational reasons require the transformation of
the adiabatic process to a maturity-equivalent iso-
thermal process. Therefore the rate of heat evolu-

tion is:
oa da o,
1) = — =max Q — — 20
4(0) =max Q ot @ o, or 20)
&1
/1 tL'(
where —~% g KL g 142 ., (2la)
al‘m, I8 +tu¢] t
ot,,
o =By Pwic B, (21b)

4.5.2 Rate of self-desiccation
In this study, governing equation (Equation (8)) is
used to solve the nonlinear moisture transport prob-
lem. The analytic formula of self-desiccation rate is
needed in order to solve Equation (8). From the
definition of degree of hydration, the rate of heat
evolution is proportional to the rate of degree of hy-
dration. This proportionality, however, is not appli-
cable to the rate of self-desiccation. Thus prediction
formula of self-desiccation and its rate is proposed
through Equations (22) to (24). This formula is ob-
tained by normalization of self-desiccation and de-
gree of hydration.

Humidity drop due to self-desiccation is ex-

pressed as:

where ¢, . is the relative humidity due to self-
desiccation at ultimate degree of hydration.

The rate of self-desiccation is calculated by dif-
ferentiate in terms of time:

o, —1 a

(0.\',max - 1

(22)
[04

max

00, _0p, da_0p, da Oy

= (23)
oa o oa ar, o

ot



99, N a
= ((punux - 1) ! ' (
oo a a

max max

where

X1
j 24)

The parameter s in the analytic formula is mainly
dependent on ¥/ C ratio and found to be about 3.0
t0 6.0.

5 VERIFICATION OF MODEL FROM
EXPERIMENTAL AND NUMERICAL
ANALYSIS

5.1 Adiabatic temperature rise

Figure 3 shows the effect of type of cement on the
adiabatic hydration curve as determined for concrete
made with a Korean Portland cement of Type 1 and
4 (Ordinary Potland cement and low heat Portland
cement), respectively. The hydration curves were
obtained for concrete samples of which the mix pro-
portion and initial temperature are given in the insert
of Figure 3. Prediction curves are calculated by the
developed nonlinear program. A good agreement
was found between measured and theoretical hydra-
tion curve.
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Figure 3. Predicted and measured adiabatic hydration curves.

5.2 Comparison of prediction and measured data of
self-desiccation

Figure 4 shows the comparison of calculated and
measured self-desiccation. The test data for Type 1
cement are taken from the literature (Atlassi 1991,
Persson 1992, Mjérnell 1994, Hedlund 1996). Fig-
ure 4 indicates that the prediction correlates fairly
well with test data.

5.3 Comparisons between prediction and drying
experiment

Experimental results from Hedenblad (1993) are
used for the verification of moisture prediction. The
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Figure 4. Predicted and measured self-desiccation.

experiment was performed for fully saturated mature
concrete. The mature specimen with water to ce-
ment ratio of 0.6, is allowed to dry to about 60%
(environmental humidity). Then it was immersed in
water until it is fully saturated. Therefore, moisture
sink due to progress of hydration can be ignored.
The cross section of the test specimen is of 0.2x 0.2
m and the specimen height, i.e. twice the drying
path, is 0.063 m. Drying test is performed up to 185
days and internal relative humidity is measured at 7
points along the drying path. The desorption iso-
therm for the prediction of moisture condition is
adopted from the verification of Nilsson’s data
(1980) for mature concrete. For mature concrete,
the porosity is constant and thus the moisture con-
ductivity depends merely on the relative humidity.
Moisture permeability at high humidity is 3.4x 107
kg/m s. Initial and boundary conditions are 98%
and 60% respectively and convective coefficient is
2.1x 107 m/s.

The predicted and measured distributions of relative
humidity are shown Figure 5. Calculated humidity
is in good agreement with measured data. This
means that the proposed model and methodology are
acceptable for determining the moisture conditions.
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Figure 5. Calculated and measured distribution of relative hu-
midity.
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5.4 Numerical 3D Analysis of Drying

The geometry is 100mm cubic and moisture flow is
in three directions. Material properties and bound-
ary condition is identical with Section 5.3. As
shown in Figure 6, geometry has three symmetric
sections.

Figure 7 shows humidity changes from center to
edge. In Figure 8, four points, from pl to p4, means
center point and points at which 1D, 2D and 3D

100mm

&
'\QQ&

B

100mm

Figure 6. Geometry of 3D moisture flow analysis
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Figure 7. Humidity changes from center to edge
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Figure 8. Humidity changes at single and multi-dimensional
flow

moisture flow is dominant, respectively. As the pl
approaches the surface and multi-dimensional side,
the humidity change is greater.

6 SUMMARY AND CONCLUSION

The present study is focused to integrate numerous
material laws, e.g. a reasonable model for the degree
of hydration and also the models for other important
material properties including thermal and moisture
properties, in a finite element program.

Hydration is the main reason for the growth of
the material properties. Therefore the degree of hy-
dration is a more accurate parameter to control the
chemical and physical processes than the time. All
material parameters were formulated in terms of de-
gree of hydration. Mathematical formulation of de-
gree of hydration is based on the combination of rate
functions of cement reaction. The effect of moisture
conditions as well as temperature on the rate of reac-
tion was considered in the degree of hydration
model. The progress of hydration is mainly gov-
erned by two nonlinear diffusion processes. It is as-
sumed that temperature and humidity fields are fully
uncoupled and only the degree of hydration is cou-
pled with two state variables in diffusion analysis.
Prediction of self-desiccation in high performance
concrete was considered in this study.

The calculated temperature and humidity distri-
butions show good agreement with measured data.
This means that the proposed model and methodol-
ogy are satisfactory for determining the temperature
and moisture conditions in hardening concrete.

REFERENCES

Atlassi, E. 1991. Influence of cement type on the desorption
isotherm of mortar. Nordic Concrete Research 10 : 25-36.

Atlassi, E. 1995. Nonevaporable water and degree of cement
hydration in silica fume-cement systems. 5th CAN-
MET/ACI Int. Conf. on Fly Ash, Silica Fume, Slag & Natu-
ral Pozzolans. June 1995. ACI SP-153 : 703-718.

Badmann, R., Stockhausen. N., & Setzer, M. J. 1981. The sta-
tistical thickness and chemical potential of adsorbed water
films. Journal of Colloid and Interface Science, 82(2) :
534-542.

Bazant, Z. P. & Najjar, L. J. 1972. Nonlinear water diffusion in
nonsaturated concrete. Materials and Structures 5(25) : 3-
20.

Bazant, Z. P. 1993, Current status and advances in the theory
of creep and interaction with fracture. 5th International
RILEM Symposium on Creep and Shrinkage of Concrete.
Bazant, Z. P. & Carol, L.(eds.) : 291-308. Barcelona:
Chapman and Hall

Brunauer, S., Emmett, P. H., & Teller, E. 1938. Adsorption of
gases in multimolecular layers. Journal of American
Chemical Society, 60 : 309-319

Byfors, J. 1980. Plain concrete at early ages, CBI report FO
3:8, Sweden.



Cha, S. W. 1999. Modeling of hydration process and analysis
of thermal and hygral stresses in hardening concrete. PhD
dissertation, Seoul National University, Seoul, Korea.

Hedenblad, G. 1993. Moisture permeability of mature con-
crete, cement mortar and cement paste. PhD dissertation,
Report TVBM-1014, Lund Institute of Technology, Swe-
den.

Hedenblad. G. 1997. The use of mercury intrusion porosity or
helium porosity to predict the moisture transport properties
of hardened cement paste. Advanced Cement Based Mate-
rials 6 1 123-129,

Hedlund, H. 1996. Stresses in high performance concrete due
to temperature and moisture variations at early ages. Licen-
tiate thesis, Division of Structural Engineering, Lulea Uni-
versity of Technology. Sweden.

Jonasson, J-E. 1994. Modelling of temperature, moisture and
stresses in young concrete. PhD dissertation, Lulea Univer-
sity of Technology, Lulea, Sweden, No.153D

Neville, A. M. 1995. Properties of concrete, 4th ed., Addison
Wesley Longman Ltd.

Nilsson, L-O 1980. Hygroscopic moisture in concrete - drying,
measurements and related material properties. PhD
dissertation, Report TVBM 1003, Division of Building
Muterials, Lund Institute of Technology, Sweden.

Nilsson, L-O 1996. Moisture in marine concrete structures
studies in the BMB-project. 1992-1996, contribution to Du-
rability of Concrete in Saline Environment.

Norling Mjornell, K. 1994, Self-desiccation in concrete. Licen-
tiate thesis. Chalmers University of Technology, Sweden.
Norling Mjornell, K. 1997. Moisture conditions in high per-
formance concrete. PhD dissertation, Chalmers University

of Technology, Sweden

Parrott, L. J. 1986. Measurement and modelling of porosity in
drying cement paste. Materials Research Society Sympo-
sium Proceedings on Microstructural Development during
Hydration of Cement 85 : 91-104.

Powers, T.C, & Brownyard, T. L. 1947. The thermodynamics
of adsorption of water on hardened cement paste. AC/
Journal 18 : 549-602.

Persson. B. 1992. Hydration, structure and strength of high
performance concrete, Licentiate thesis, Report TVBM-
7009. Lund University of Technology, Sweden, (in Swed-
ish).

Setzer, M. J. 1976. A method for description of mechanical be-
havior of hardened cement paste by evaluating adsorption
data. Cement and Concrete Research 6 : 37-48.

van Breugel, K. 1991. Simulation of hydration and formation

of structure in hardening cement-based materials. PhD dis-
sertation, Delft University of Technology, Delft, the Neth-
erlands.

i, Y., Bazant, Z. P. & Jennings, H. M. 1994a. Moisture diffu-

sion in cementitious materials - adsorption isotherms. Ad-

vanced Cement Based Materials 1 : 248-257.

Y., Bazant, Z. P., Molina, L. & Jennings, H. M. 1994b.

Moisture diffusion in cementitious materials - moisture ca-

pacity and diffusivity. Advanced Cement Based Materials

1:258-266.

Zienkiewicz, O. C. & Taylor, R. L. 1989. The finite element
method. McGraw Hill. New York.

fad

Xi,

286



